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ABSTRACT 
 
The dissolution and aggregation of metal oxides nanoparticles (NPs) in aqueous 
solution not only alter the abundance and toxicology of NPs, but also makes the effective 
assessment and the correct interpretation of effects of NPs on organisms challenging.  
The extent to which these processes (dissolution and aggregation) occur largely depend 
on pH, ionic strength, dissolved natural organic matter (NOM) and NPs characteristics.  
This study investigated the dissolution and aggregation behavior of the four metal oxide 
NPs (nZnO, nCuO, nFe2O3 and nTiO2) in aqueous solution as influenced by pH, ionic 
strength and NOM and examined the toxicity of these NPs to Daphnia magna and 
interpreted the toxicity in terms of NPs’behavior in aqueous solution. 
The dissolution of NPs in distilled and dionized (DDI) water, culture (FETAX) 
solution, solutions of varying pH, ionic strength and NOM content was investigated. 
Differences in the dissolution patterns in different solution conditions were observed 
among the NPs, with some NPs (nTiO2.) showing low dissolution under all solution 
conditions.  Visual Minteq model showed that the distribution of dissolved metal oxides 
NPs species was regulated by pH and NOM.  The experimental dissolution data were 
corroborated by Visual Minteq and by the empirical double exponent dissolution rate 
model.   
In the aggregation investigation, the aggregation behavior and fractal dimensions 
of the metal oxides NPs were studied in solutions such as DDI, FETAX solution, 
solutions of varying pH, ionic strength and NOM content. The rate of aggregation was 
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found to increase with ionic strength and to decrease with increase in NOM 
concentration.  Increased aggregation corresponded to lower fractal dimensions and 
increased sedimentation.  
Arising from the dissolution and aggregation investigations, the interaction of 
NOM with NPs in aqueous solution was examined.  Specifically, the influence of the 
NOM on NPs dispersion at different pH values was investigated using TiO2 NPs selected 
due to its low dissolution over a wide pH range. With the data suggesting that NPs 
dispersion is pH dependent, sorption studies of NOM to TiO2 NPs at different pH values 
were conducted and the sorption data obtained were used to interpret the dispersion 
results. The sorption data were also fitted on the nonlinear Langmuir model.  This study 
also examined the possible fractionation of NOM upon sorption to NPs. The results 
demonstrated that fractionation occurs upon sorption and that both low pH and high ionic 
strength can enhance fractionation. 
The NPs toxicity to Daphnia magna was assessed at two levels of biological 
organization: organism level with mortality at 48 h (LC50) used as the endpoint and the 
cellular level with four biomarkers, glutathione- S –transferases (GST), thiobarbituric 
acid reacting substances (TBARS), oxidized glutathione (GSH) and metallothionein 
(MT) used as endpoints.  The results suggested that the toxicity observed from NPs in 
organism and cellular levels is a contribution of both the NPs and the dissolved metal 
ions. The results further showed that NOM and ionic strength have mitigative effects on 
NPs toxicity to Daphnia magna through sorption and aggregation processes respectively. 
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CHAPTER 1.  INTRODUCTION 
 
 Metal oxide NPs are among the more commonly encountered types of 
nanomaterials (NM). Like other NMs, metal oxides NPs are receiving increasing 
attention for a large variety of applications. For example, titanium dioxide and zinc oxide 
NPs are ingredients in toothpastes, beauty products, sunscreens, and can also be used in 
textiles (Wang et al., 2008). The copper II oxides NPs have potential for use as a catalyst 
for carbon monoxide oxidation and in heat transfer fluid in machine tools (Aruoja et al., 
2009). The iron oxide NPs are receiving considerable attention for application in areas 
such as environmental catalysis, magnetic storage, biomedical imaging and magnetic 
target drug delivering (Zhu et al., 2009). With these and many more applications to be 
discovered, it is expected that metal oxide NP production and commercialization will 
increase exponentially, with a concomitant increase in health and environmental risks. 
Exposure to metal oxide NPs could result in adverse outcomes that have not been 
observed with macroscopic materials (Franklin et al., 2007). Currently, much research in 
evaluating the toxicity of NPs in both aquatic and terrestrial ecosystems is on-going (Lin 
et al., 2010) necessitated by current knowledge gaps (Wiesner et al., 2006; Klaine et al., 
2008; Lowry et al., 2010; Scown et al., 2010).  In aqueous solutions metal oxide NPs 
often lose their stability (degree to which they remain dispersed as discrete particles) and 
aggregate and sometimes undergo dissolution.  Both aggregation and solubility have 
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potential to alter the NPs characteristics making the effective assessment of the possible 
impacts of NPs challenging. 
 
 
1.2 Aggregation 
The term aggregation has a specific meaning, though in literature its use is 
frequently interchanged with the term agglomeration (Nichols et al., 2002). There are two 
main variations of definitions for aggregation that can be derived from the literature; 
some define aggregation as the process where particles are strongly bonded together 
(fused or sintered) by solid bridges or chemical or metallic bonds (Schaefer et al., 2000; 
Nichols et al., 2002; Borm et al., 2005; Jiang et al., 2008; Teleki et al., 2008; 
Balakrishnan et al., 2010; and Gosens et al., 2010). With this definition, it is implied that 
the aggregates are irreversible and may not easily be broken apart or dispersed except 
under “considerable” force such as sonication (Nichols et al., 2002). Others however, 
define aggregation as a process where particles collide and attach with the resulting 
strength of the aggregate being dependent on the kinetics of the process which in turn is 
influenced by particle surface chemistry, solution chemistry and degree of system 
agitation (Amal et al., 1989; 1990; 1991; Bramley et al., 1997; Wiesner et al., 2006; 
Petosa et al., 2010; Lin et al., 2010). With this definition, aggregates may be reversible 
and could be subject to disaggregation or break up or even deformation. Specifically the 
attachment efficiency (α) gives a clue about the packing characteristics of the resulting 
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aggregate (Hotze et al., 2010). It is within this definition that the concept of fractal 
dimension is used to characterize the aggregate structures. In this study the latter 
definition will be adopted. 
 
 
1.2.1 Problems of NP aggregation 
  Most NPs tend to aggregate when introduced into the aqueous media (Franklin et 
al., 2007; Lead and Ju-nam, 2008). The rate of aggregation is influenced by pH, ionic 
strength and other dissolved components that may act as adsorbates or ligands such as 
NOM (Murdock et al., 2007; Handy et al., 2008). The aggregation process presumably 
alters particle reactivity, reduces surface energy, modifies mechanical strength, electrical 
and thermal conductivity, reduces solubility and affects the mobility in the aqueous 
media (Borm et al., 2005; Saltiel et al., 2004). Ultimately the hydrodynamic particle size 
and size distribution tend to get larger and may result in sedimentation, depending on the 
packing characteristics of the aggregates, which affects permeability and density 
(Selomulya et al., 2003). When this happens in a bioassay suspension, the exposure of the 
test organisms is altered, making it difficult to evaluate the minimum effective dose in the 
bioassay (Klaine et al., 2008). Of the factors that influence the aggregation of metal oxide 
NPs, increasing ionic strength has been observed to promote particle aggregation 
(Heidmann et al., 2005; Amal et al., 1990), possibly through electric double layer 
compression, while the presence of higher dissolved NOM concentration has been 
observed to promote particle stability (Amal et al., 1991; Heidmann et al., 2005). The 
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extent to which dissolved NOM can disperse particles can be influenced by both ionic 
strength and the pH (Diegoli et al., 2008). Like NPs, NOM can undergo molecular 
aggregation and disaggregation (relaxation) in aqueous solution depending on the pH and 
ionic strength (O’Melia, 1990; Stumm and Morgan, 1996). In aqueous solution, when the 
pH is high or ionic strength is low, the surface charge of the NOM increases due to 
ionization, whereas at low pH values or high ionic strength the charge on the dissolved 
NOM is screened (Stumm and Morgan, 1981; Illes and Tombacz, 2006). The change in 
the charge status of the NOM molecules can influence the conformation and this in turn 
has an influence on the ability of NOM to disperse particles (Stumm and Morgan, 1981; 
Illes and Tombacz, 2006). As a result, it is expected that the NPs aggregation would be 
least at higher pH values due to increased electrostatic charges among various fractions 
of NOM.  Metal oxide NPs aggregation is also influenced by the point of zero charge, 
which is different for each metal oxide NP type and can be influenced by several factors 
such as chemical modification, surface modification, particle size and particle 
transformation (Hotze et al., 2010, Lin et al., 2010). The aggregation is expected to be 
greater at pH values close to PCZ even when ionic strength is low (Illes and Tombacz, 
2006).  
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1.2.2 Techniques for particle size estimation 
There are several techniques that are used for estimating the particle size and size 
distributions in aqueous solutions (Jarvis et al., 2005; Shekunov et al., 2006; Aimable and 
Bowen, 2010). These include microscopy, photography and imaging techniques, laser 
light scattering techniques, transmitted light and individual particle sensors (Jarvis et al., 
2005). A literature review shows that the most frequently used techniques are the 
dynamic light scattering (DLS) and transmission electron microscope (TEM). The 
comparison of the particle sizes and size distributions from these two techniques revealed 
that TEM gives particle sizes  that are consistently and significantly lower than those 
from the DLS technique ( Mefford et al., 2008;  Cumberland and lead 2009; Karlsson et 
al., 2009). In DLS, the autocorrelation of the time dependent fluctuations in scattered 
light intensity is evaluated to determine the intensity weighted average diffusion 
coefficient of the particles from which the hydrodynamic diameter is calculated (Jiang et 
al., 2009). The intensity of the scattered light is directly proportional to sixth power of the 
particle diameter.  This means that larger particles will have higher intensity compared to 
smaller particles and this presumably is the reason the DLS is biased towards larger 
particles (Nobbmann et al., 2007).  The hydrodynamic diameter of particles could 
potentially also be evaluated from volume and number based weighted averages (Mefford 
et al., 2008). 
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1.3 Solubility  
With the existence of NPs that may be smaller than some molecules, it is 
sometimes operationally challenging to define what is “dissolved”. However, solubility 
(process of dissolution) is defined as the energetically favorable interaction of the particle 
or molecule with the solvent molecules resulting in a homogeneous phase (Borm et al., 
2006). Several factors both from the NPs and the solvent can influence the dissolution 
process. The NPs surface area, surface energy, surface morphology, aggregation status, 
concentration and adsorbing species have great influence on the solubility of the NPs 
(Borm et al., 2006; Auffan et al., 2009). On the other hand, the solubility of NPs in 
aqueous media may be influenced by pH, ionic strength and other dissolved components 
such as various ligands, including NOM (Wehrli, 1990; Stumm and Morgan, 1996; Borm 
et al., 2006; Auffan et al., 2009; Lin et al., 2010). Metal oxide NPs may display different 
solubility patterns. While some metal oxide NPs such as ZnO display higher solubility 
even at moderate pH and alkalinity, others such as TiO2 have low solubility (50 - 90 ppb) 
even at low pH (Auffan et al., 2009). Other metal oxides NPs have appreciable solubility 
within a narrow pH range. For example, Baalousha et al., (2008) observed that for iron 
oxide NPs (though mineralogy was not given), approximately 35 % of the total iron was 
present in the dissolved phase at pH 2, rapidly diminished to 10 % at pH 3, and was 
almost below detection at pH values greater than 4. The presence of NOM may not only 
enhance nanoparticle stability but can also induce solubility (Wehrli, 1990; Stumm and 
Morgan, 1996; Deonarine et al., 2011). For example, Griffitt et al., (2008) observed that 
the dissolution of NPs in suspensions that contained organisms was higher than in the 
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suspensions that had no organisms, a factor that may be attributed to exudates (surfactant, 
proteins,etc) being excreted by the organisms (Auffan et al., 2009; Slowey, 2010).    
Theoretically, equilibrium solubility of NPs increases with decreasing particle 
size (Borm et al., 2006). This could be attributed to high surface energy that presumably 
leads to high free energy rendering the NPs thermodynamically less stable compared to 
bulk materials (Morel and Hering, 1993; Stumm and Morgan, 1996).  However, it may be 
argued that in solutions of increasing ionic strength, the thermodynamic stability of NPs 
and that of bulk materials may be less discernible due to NPs increased aggregation and 
hence the dissolution of NPs may not be different from that of the bulk materials. This is 
because the increase in NP aggregation, leads to reduced surface area, reduced reactivity 
and changed surface morphology and making aggregated NPs thermodynamically stable 
(Borm et al., 2006; Lin et al., 2010). 
 
 
1.3.1 Methods of estimating solubility 
The real challenge in determining the solubility of NPs lies in separating the 
dissolved ions from the suspended “very small” NPs that sometimes may be a few 
nanometers in size (Borm et al., 2006).  Several laboratory separation techniques use 
centrifugation or filtration through 0.45µm or 0.22µm filters which may not 
quantitatively separate NPs from the true solution phase. To achieve operationally 
“complete separation”, other techniques such as dialysis and ultracentrifugation may be 
needed to define solution and particulate doses (Klaine et al., 2008). The estimation of 
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solubility may also be complicated by the possible sorption of dissolved ions or 
components on to the filter membranes, which could result in the underestimation of the 
solubility. Once separated, the dissolved metals are acidified to keep them in solution 
form. In the case of NPs such as TiO2 that has low solubility in acidic solution, it may be 
necessary to treat such materials in appropriate reducing agents to help keep the metal 
ions in solution as in a method described by Mukherjee et al., (2005).  The dissolved 
metal ions may be measured by the inductively coupled plasma - mass spectrometer 
(ICP-MS), inductively coupled plasma – optical emission spectrometer (ICP-OES) or 
atomic absorption spectrophotometer (AAS), depending on the concentration of the metal 
ions. 
 
 
 1.4 Toxicity and challenges of delineating NP toxicity from metal ion toxicity  
The aggregation and solubility of metal oxide NPs may have implications not 
only on fate and transport, but also on the toxicology and hence risk on environmental 
health (Hotze et al., 2010). Once aggregated the NPs may have a modified reactivity, 
surface area, surface energy and surface morphology, all of which have potential to alter 
solubility (Borm et al., 2006; Auffan et al., 2009). The dissolution of these NPs leads to 
the release of ions and increased toxicity (Griffitt et al., 2008; Auffan et al., 2009; Hotze 
et al., 2010). The fact that the ions of many metals are toxic to aquatic organisms presents 
a challenge in separating the toxic effects of NPs from those of the ensuing metal ions. 
Furthermore, cell membranes, though good barriers to ions, can be crossed by NPs, 
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which once inside the cells may dissolve, making it even more difficult to attribute toxic 
effects to NPs (Karlsson et al., 2008). There are several studies that have attributed toxic 
effects to be due to release of ions by metal oxide NPs (Gojova et al., 2007; Aruoja et al., 
2008; Xia et al., 2008, Franklin et al., 2007).  However, as Lin et al., (2010) observed, the 
determined contribution of NP dissolution to the nanotoxicity differs in different studies 
(presumably due to differences in experimental conditions), but due to significant 
dissolution of NPs, it has become a consensus that dissolution can play a key role for 
some NPs in determining their toxicity to organisms.  In other studies, some researchers 
have concluded that the toxic effects have been caused specifically by NPs based on low 
levels of NP dissolution (Yang et al., 2008; Xin and Lin, 2008).  For example, Griffitt et 
al., (2008) observed that the toxicity of nano silver and copper metals both on zebra fish 
and D. pulex was unlikely to be attributable to NP dissolution due low levels of dissolved 
ions for these NPs in this particular study.  
Even with the advent of biomarkers, delineating the toxicity caused by ions from 
that of NPs may still remain a challenge if there is a similar mode of toxicity induction by 
both ions and NPs. For example, Klaine et al., (2008) reviewed literature that indicates 
that NPs can cause damage to membrane integrity, protein destabilization and oxidation, 
DNA damage and lipid peroxidation due to generation of reactive oxygen species (ROS). 
In the same review paper the metal ions were observed to cause similar effects as NPs.  
The toxicity of metal oxide NPs, like that of metal ions, could be affected by ionic 
strength and other adsorbing species in aqueous solution such as dissolved NOM. Few 
studies have reported the mitigative effect of ionic strength to the toxicity of some NPs to 
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organisms in aqueous solutions (Truong et al., 2010). Others have observed that 
dissolved NOM in aqueous media does modify toxicity of metal ions (Buchwalter et al., 
1996; Kramer et al., 2004; Inaba and Takenaka, 2005; Wang et al., 2010). The 
modification of toxicity by dissolved NOM has also been observed in both NPs and metal 
ions (Chen et al., 2011; Li et al., 2011; Wang et al., 2011).  Whereas the increase in ionic 
strength has tended to mitigate NP toxicity presumably due to increased aggregation, the 
type, nature and concentration of NOM and environmental pH have been observed to 
dictate whether the dissolved NOM enhances or mitigates toxicity (Li et al., 2011; Wang 
et al., 2011). For example, Wang et al. (2010) observed that the larger fractions (> 1000 
Daltons) of dissolved NOM mitigated NPs toxicity, while the smaller fractions (<1000 
Daltons) enhanced toxicity in this particular study.  
 
 
1.5 Research objectives 
The projected increase in the production of NPs will lead to their increased 
release into aquatic environments and ultimately to increased exposure to aquatic 
organisms with attendant adverse effects.  Assessing the impacts of NPs on aquatic 
organisms is therefore critical and urgently required to match the pace of their 
production.   However, many NPs, and especially metal oxides, tend to aggregate, 
dissolve or both when introduced into the aqueous media, making assessment of their 
impacts on organism challenging. The extent of aggregation or dissolution is largely 
11 
 
influenced by pH, ionic strength and solution components that may act as adsorbates or 
ligands such as dissolved natural organic matter (NOM).  Either process can result into 
the altered toxicity of the NPs to an organism. Moreover, NOM, besides being cited as a 
mitigant for several toxicants, has been known to aid in the dispersion of particles in 
aqueous solutions. The extent to which all these processes (aggregation, solubility, 
toxicity mitigation, and particle dispersion) can occur in aqueous solution is yet to be 
fully understood.  In this study, we investigated the aggregation and solubility of selected 
metal oxide NPs, sorption of NOM to NPs, NOM fractionation upon sorption to NPs and 
the ability of NOM to disperse NPs in aqueous solution. The study further examined the 
toxicity of these metal oxides NPs on crustacean Daphnia magna and explain the 
resultant toxicity in terms NPs behavior in aqueous solution (dissolution, aggregation and 
influence of NOM and test medium (ionic strength).   
The focus of our study was to investigate the solubility and aggregation of metal 
oxide NPs and NP-NOM interactions and based on the results of this investigation, the 
toxicity tests of the metal oxide NPs to crustacean Daphnia magna were designed. The 
metal oxides NPs investigated include CuO, Fe2O3, TiO2 and ZnO. Therefore our 
objectives are:  
 Determine the solubility of the four metal oxide NPs (nZnO, nCuO, nFe2O3, and 
nTiO2) in aqueous solution of varying pH, ionic strength and dissolved NOM 
content. We will further use Visual Minteq and or the empirical double exponent 
dissolution rate model to predict the dissolution of the metal oxide NPs in the 
same solution conditions in both open and closed systems and make comparisons 
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with the experimental results. The distribution of major species of dissolution 
will be modeled using Visual Minteq. 
 
 Determine the aggregation of the four metal oxide nanoparticles (nZnO, nCuO, 
nFe2O3, and nTiO2) in aqueous solution of varying pH, ionic strength and the 
dissolved NOM content. We will also determine fractal dimension of aggregates 
formed under different solution conditions such DDI, FETAX solution, solutions 
of varying dissolved NOM content. We will further determine the fractal 
dimensions of TiO2 NPs (due to low dissolution over wide pH range) in different 
solution conditions of pH, ionic strength and dissolved NOM content and in both 
quiescent and turbulent conditions at different particle loading.   
   
 Determine the ability of dissolved NOM to stabilize particles in aqueous solution 
at selected pH values based on point of zero charge (PCZ) of test NPs and 
interpret dispersion in terms of sorption of NOM to particles at these pH values. 
In this study we will use both sonicated and nonsonicated TiO2 NPs. This will be 
followed by adsorption isotherm experiments at the same pH values. We will 
further examine the fractionation of NOM upon sorption to TiO2 NPs by using 
size exclusion chromatography (SEC) and other spectrophotometric techniques 
such as absorbance and fluorescence spectrometry. The study will specifically 
examine the influence of pH, ionic strength and NOM concentration on the extent 
of the fractionation.   
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 Based on the results of objectives 1 to 3, examine the toxicity of the metal oxide 
nanoparticles to Daphnia magna at two levels of biological organization: 
organism and cellular levels. Organism level will involve examination of toxicity 
with and without dissolved NOM and in three different test media (different ionic 
strengths). The cellular level will examine toxicity with respect to the influence 
of NOM in moderately hard water test medium. The organism level test endpoint 
will be mortality using 48 h LC values. The cellular level test endpoints will be a 
select suite of biomarkers such thiobarbituric acid reacting substances (TBARS), 
glutathione-S-transferases (GST), oxidized glutathione (GSH) and 
Metallothionein (MT).  
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CHAPTER 2.  THE DISSOLUTION OF METAL OXIDE NANAOPARTICLES 
IN AQUEOUS SOLUTION:  THE ROLE OF AQUEOUS CHEMISTRY 
 
Abstract 
Once introduced into the aquatic environment, metal oxide NPs are presumed to 
undergo adsorption reactions that could influence a cascade of vital processes within the 
scope of aquatic chemistry.  These (adsorption) reactions have potential to modify the 
distribution of chemical species between the aqueous phase and the NPs thereby affecting 
transport.  They can influence electrostatic reactions of the suspended NPs and thus affect 
aggregation and ultimately transport.  Furthermore, these can also alter reactivity at the 
surfaces and hence induce surface – catalyzed reactions of the NPs potentially inducing 
dissolution and precipitation. All these processes collectively or individually have 
profound influence on the dissolution of the suspended metal oxide NPs. The degree to 
which dissolution would occur depend on several factors that include the type of the 
metal oxide NPs, pH and ionic strength of the aqueous medium and other dissolved 
species such as NOM, metal ions and other ligands. The free metal ions released from 
dissolution could be toxic to aquatic organisms.  Therefore understanding the influence of 
aqueous chemistry on the dissolution of metal oxide NPs would help not only in 
predicting toxicity in aqueous solution but also in correctly interpreting the resultant 
toxicity and in the design of appropriate experiments in assessing the toxicology of metal 
oxide NPs in aqueous media. In this study, the dissolution of the four metal oxide NPs 
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(nZnO, nCuO, nFe2O3, and nTiO2) in aqueous solutions of varying pH, ionic strength and 
the dissolved NOM content was examined.  The study further used Visual Minteq and or 
double exponent dissolution rate model to predict the dissolution of the metal oxide NPs 
in aqueous solutions of varying pH, ionic strength and dissolved NOM in both closed and 
open systems. The distribution of major dissolved species was predicted by Visual 
Minteq. The dissolved metal ions were measured by the inductively coupled plasma - 
mass spectrometer (ICP-MS), inductively coupled plasma – optical emission 
spectrometer (ICP-OES) and atomic absorption spectrophotometer (AAS), depending on 
the concentration of the metal ions. 
The results indicated a high degree of variability in dissolution among different 
types of metal oxide NPs. Dissolution was observed to be greatly influenced by pH and 
the dissolved NOM content. Contrary to expectation that increase in ionic strength could 
lead to a decrease in NPs dissolution, this trend was not observed in three of the four 
metal oxide NPs (nCuO, nFe2O3 and nTiO2) and although it was observed with nZnO, the 
effect was mild.  The results from Visual Minteq indicated that allowing CO2 in the 
suspensions can affect solubility of some metal oxide NPs, especially at pH values 
greater than 7. There was good agreement of experimental data with the empirical double 
exponent dissolution rate model.  Furthermore, the speciation results indicated that the 
free metal ions in aqueous solutions may be regulated by pH and NOM content.   
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2.0 Introduction 
In the natural environment, water contains several dissolved species that include 
cations, anions and other various organic ligands (Goldman and Horne, 1983; Schindler 
and Stumm, 1987; Stumm and Morgan, 1996). These different dissolved species may 
contribute to pH, ionic strength and other surface chemistry characteristics of a given 
aqueous system (Stumm and Morgan, 1996).  When metal oxides NPs are introduced in 
the aqueous solution, they undergo the initial reaction of adsorption of water molecules 
and this hydrates the oxide surfaces (Schindler and Stumm, 1987).  Eventually, these 
surfaces undergo dissociative chemisorptions with the formation of the hydroxyl groups 
(Schindler and Stumm, 1987).  In general these hydrated surfaces are amphoteric and can 
participate in a number of surface reactions and become protonated or deprotonated 
(Schindler and Stumm, 1987; Benjamin, 2002; Stumm and Morgan, 1996; Illes and 
Tombacz, 2006). For example the hydrated metal oxide surfaces ( )OHS   may react as 
follows: 
 HOHS    2OHS     (1) 
OHS   SO
H     (2) 
If the aqueous medium has no specific adsorbing ions, the amphoteric pure metal 
oxides may have a characteristic pH, the pH of the point of zero charge (PZC), where the 
net surface charge is zero (Tombacz et al., 2006; Preocanin and Kallay, 2006). This 
means that at pH values lower than the PZC, the pure oxide surface has a net positive 
charged, while above the PZC the surface has a net negative charge (Tombacz et al., 
2006; Illes and Tombacz, 2006; Preocanin and Kallay, 2006). However, as earlier stated, 
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in the natural aquatic systems, both specifically and non specific adsorbed ionic species 
are exclusively ubiquitous. For example various species of ligands are present ranging 
from simple monodentate species such as chlorides (Cl
-
) to high molecular weight 
polyelectrolytes such as humic substances (Schindler and Stumm, 1987).   The aquatic 
systems are undoubtedly replete with specifically adsorbed cations, though quantities are 
dependent on the hydrogeology of each aqueous system (Stumm and Morgan, 1981; 
Morel and Hering, 1993). The presence of these ions or dissolved species could lead to 
further reactions such as surface complexation, ligand-exchange and hydrogen bonding 
(Westall, 1987). The deprotonated surface hydroxyls exhibit Lewis base behavior 
(Stumm and Schindler, 1987). In this case the competitive complexation reaction with 
metal cations would proceed as follows: 
 zMOHS     HOMS z )1(    (3) 
 zMOHS2     HMOS z 2)( )2(2   (4) 
Where OHS   hydrated metal oxide surface, M is a metal ion of charge z+     
According to Stumm and Schindler (1987) the co-ordination sphere of the adsorbed metal 
ion may be partially occupied by the surface ligands, therefore further ligands may be 
acquired and the reaction would proceed as: 
LlMOHS z     

 HOMLS
z
l
)1(
  (5) 
Where L is some ligands 
In the case of anion adsorption, surface complexation reactions would proceed 
through ligand exchange as follows: 
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LOHS   
  OHLS     (6) 
LOHS 2  
  OHLS 222     (7) 
The formation of different complexes via different mechanisms could be influenced by 
several factors. These include pH, ionic strength, concentrations of cations and ligands, 
the nature of ligands (hydrophilic and hydrophobic), favorability of ligand – water 
interactions and nature of metal oxide (Stumm and Morgan, 1996; Benjamin, 2002). It is 
expected that the dissolution of metal oxide NPs (mineral oxides) could involve the 
participation of H2O, H
+
, OH
-
 , ligands, reductants and oxidants (Wehrli, 1990; Stumm 
and Morgan, 1996).  According to Stumm and Morgan (1996), the coordination of H
+
, 
OH
-
 and ligands to metal oxides polarize, weaken and eventually break the metal-oxygen 
bond thereby releasing the free metal ions (dissolution). Thus the release of metal ions 
from metal oxides may proceed by proton, basic, ligand or reductive promoted 
dissolution (Wehrli, 1990; Stumm and Morgan, 1996).  The released free metal ions may 
undergo further reactions such as hydrolysis and complexation depending on the pH and 
ionic strength of the aqueous solution. The solution conditions of high pH and low ionic 
strength promote hydrolysis, whereas high ionic strength may promote complexation 
(Stumm and Morgan, 1996). The presence of ligands such as dissolved NOM in aqueous 
solution may operationally serve dual purposes.  They can influence the dissolution of 
metal oxide NPs and they may as well act as free metal ion scavengers by complexing 
with metal ions thereby reducing their bioavailability (Benjamin, 2002; Morel and 
Hering, 1993). Therefore the total dissolved metal ions in solution would always be the 
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sum of free metal ions (aquo complexes) plus the metal ions in the soluble hydroxo – 
complex form and other soluble metal-ligand complexes.  
The ionic strength of aqueous media is known to influence the dissolution of 
compounds (substances) in two different ways. For charged species, the increase in ionic 
strength often causes increase in dissolution, while with the uncharged species; increase 
in ionic strength causes a decrease in dissolution (Morel and Hering, 1993; Benjamin, 
2002; Harris, 2007). This is presumably because activity coefficients for charged species 
decrease with increasing ionic strength, while the activity coefficients for uncharged 
species increase with increasing ionic strength.  The relationship between activity 
coefficient, concentration and activity is given as follows:  
{A}    fA [A]       (8) 
Where {A} is activity, fA is activity coefficient and [A] is molar concentration 
When ionic strength is close to zero, the activity coefficient (fA) is approximately unity 
(1) and the activity is approximately equal to concentration (Stumm and Morgan, 1996). 
However, when activity coefficient is low (high ionic strength), the molar concentration 
and activity will be different. The activity coefficient can, for example be related to the 
ionic strength by the extended Debye-Huckel approximation:  
Log fA =
IBa
I
Az


1
2
 
Where I is ionic strength, A and B are some constants that depend on the dielectric 
constant and absolute temperature of the system respectively, a = adjustable parameter 
related to the size of the ion and z is the charge of the ion. 
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There are other approximations to which activity coefficient could be related to 
ionic strength such as Davies depending on ionic strengths of the aqueous medium 
(Benjamin, 2002; Morel and Hering, 1993; Stumm and Morgan, 1996). The increase in 
dissolution as a result of increase in ionic strength for charged species however, is 
expected to be reversed when ionic strength rises above 1.0M (Grenthe et al., 1997; 
Benjamin, 2002; Harris, 2007). This is because at this ionic strength the activity 
coefficients for these species begin to increase. Theoretically, equilibrium solubility of 
NPs increases with decreasing particle size (Borm et al., 2006). This implies that NPs 
will have higher solubility compared to bulk component of the same materials. However, 
increase in the ionic strength of the aqueous solution could lead to a decrease in the NPs 
solubility. This is because the increase in the ionic strength leads to NPs aggregation, 
which leads to reduced surface area, reduced reactivity and changed surface morphology 
and hence reduced dissolution (Borm et al., 2006; Lin et al., 2010). Understanding the 
role of aquatic chemistry on the dissolution of metal oxide NPs would help in predicting 
toxicity in aqueous solution and in the design of appropriate experiments in assessing the 
toxicology of metal oxide NPs in aqueous media. This would further help in arriving at 
the correct interpretation of the toxicity results.  In this study, the dissolution of the four 
metal oxide NPs (nZnO, nCuO, nFe2O3, and nTiO2) in aqueous solutions of varying pH, 
ionic strength and the dissolved NOM content was examined.  The study further 
examined the distribution of dissolved species as predicted by Visual Minteq. The 
dissolution of the metal oxide nanoparticles in aqueous solutions of varying ionic 
strength, dissolved NOM in both closed and open systems were modeled using Visual 
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Minteq. The empirical double exponent dissolution rate model was used to predict 
dissolution and its results were compared to the experimental data. The dissolved metal 
ions were measured by the inductively coupled plasma - mass spectrometer (ICP-MS), 
inductively coupled plasma – optical emission spectrometer (ICP-OES) and atomic 
absorption spectrophotometer (AAS), depending on the concentration of the metal ions. 
 
 
2.1 Materials and methods 
2.1.1 Materials 
All the four metal oxide NPs were used as purchased, that is, there were not 
washed or cleaned so as not to influence dissolution in any way. The Fe2O3, CuO and 
ZnO NPs were purchased from Sigma-Aldrich. Titanium dioxide NPs used in this study 
were P25 from Degussa Corporation. The particle sizes were advertized as <50 nm for 
Fe2O3, CuO, TiO2 and <100 nm for ZnO (though DLS measurements in DDI water 
indicated presence of particle sizes greater than 100 nm). Other particle characteristics 
such as surface area, percentage purity, mineralogy and refractive index were shown in 
table A.2.1 in the appendix. The Suwannee River Humic acid (SRHA), product number 
1R101N, reverse osmosis isolates (NOM-ROI) was purchased from International Humic 
Substances Society (IHSS) and the total organic carbon obtained by the Total Organic 
Carbon Analyzer (Shimadzu TOC-V CPH) was 45-47% of the humic acid.  This value 
was comparable (though lower) to the certified value from IHSS of 52 %.  The following 
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buffers were used as purchased without further purification: 2-(4-morpholino) 
ethanesulfonic acid monohydrate (MES); piperazine-N, N’- bis (2-ethanesulfonic acid) 
(PIPES); sodium acetate (NaAc); Tris-base. The pH measurements were done with a 
ThermoOrion pH meter and Ross combination glass electrode and the pH papers, 
PANPEHA
® 
from Sigma-Aldrich, which gives pH values to ±0.5 units. High purity 
water, milli-Q water with resistivity >18 MΩ.cm was used throughout. For separation of 
ions from particles, the 200 nm polytetrafluoroethylene (PTFE) filters and the 
WHATMAN polycarbonate filters with pore size of 100 nm and 50 nm (all bought from 
VWR) were used . The comparison between 200 nm PTFE filters and 50 nm 
WHATMAN polycarbonate membrane filter showed no significant difference (see tables 
E.8 and E.9 in the appendix).  Surface Analyzer micromeritics 2010, was used to 
determine surface area using BET technique. The metal ions were determined using 
inductively coupled plasma – mass spectrometer (ICP- MS), X series with auto sampler 
ASX- 520 CETAC, inductively coupled plasma – optical emission spectrometer (ICP-
OES) and atomic absorption spectrophotometer (AAS), Perkin Elmer, analyst 800 with 
auto sampler AS 800 depending on the concentration levels. For the acidification of the 
samples ARISTAR
®
 PLUS HNO3 was used.  The analog dry block 2 heaters were used to 
heat the samples to the required temperature.  
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2.1.2 Methods 
2.1.2.1 Dissolution in distilled and deionized water (DDI) 
The suspensions of the four metal oxide NPs at 200 mg/L metal oxide were 
prepared by weighing about 0.02 g of each metal oxide NPs into a beaker containing 100 
mL of DDI water. Each beaker containing the suspensions was covered with parafilm in 
order to prevent entry of carbon dioxide. However, there was a possibility of carbon 
dioxide entering due to headspace and probably the parafilm was not effective in creating 
a closed system.  Two types of suspensions for each metal oxide NPs were prepared.  The 
first type was sonicated for 60 minutes using the Branson® 5510 sonication bath.  The 
second type was not sonicated.   These metal oxides NPs suspensions were then stored at 
room temperature of 69-73 
o
F (20.55 – 22.770C) under quiescent conditions in the dark.  
The samples for the analysis of the dissolved metal ions were initially taken at 2 h and 
then at 6 h post preparation period. Thereafter the samples were taken every 24 h for a 
period of 5 days. Prior to taking of the sample for the analysis, each beaker containing the 
suspensions was stirred in order to homogenize the contents for a representative sample.    
  For each suspension of nZnO and nCuO, 3 mL of the suspension was pipetted at 
each sampling interval and filtered through a 200 nm PFTE filter and kept in a 15 mL 
plastic vial until the end of the whole investigation period (5 days).  After 5 days, 0.5 mL 
of ARISTAR
®
 PLUS HNO3 was added to each filtrate and these were then digested on 
heating blocks at 85
o
C for 4 h. These samples were digested to ensure that any metal ions 
that could have adsorbed on to the plastic vial during storage could be dislodged 
(acidification without heating would be an alternative).  After digestion, each sample was 
30 
 
diluted to 25 mL with DDI water in volumetric flasks (this gave final solution a 1% nitric 
acid solution). For quality control purposes, two sample blanks were spiked with copper 
and zinc solutions. Each of these was then filtered through a 200 nm PFTE filter and 
recoveries were calculated.  For each suspension of nFe2O3 and nTiO2, 10 mL of the 
suspension was pipetted at each sampling interval and filtered through a 100 nm or50 nm 
polycarbonate membrane filter and kept in a 15 mL plastic vial until the end of the whole 
investigation period (5 days).  After 5 days, 0.5 mL of ARISTAR
®
 PLUS HNO3 was 
added to each filtrate of nFe2O3 and these were then digested on heating blocks at 85
o
C 
for 4 h. These samples were digested to ensure that any metal ions that could have 
adsorbed on to the plastic vial during storage could be dislodged (acidification without 
heating would be an alternative).  For TiO2, the filtrates were digested at room 
temperature using L-cysteine and ascorbic acid according to the method described by 
Mukherjee et al., (2005).Then the digested filtrates were analyzed directly without any 
further dilution.  For quality control purposes for nFe2O3 and TiO2, two sample blanks 
were spiked with standard solution containing iron and titanium ions.  Each of these was 
then filtered through a 100 nm or 50 nm polycarbonate filter and recoveries were 
calculated (see table E.1 in the appendix). The nZnO and nCuO samples were analyzed 
on the AAS, while the nFe2O3 and nTiO2 were analyzed on the ICP-AES and ICP-MS 
respectively. There were two replicates per sample. 
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2.1.2.2  Dissolution in FETAX solution 
FETAX solution is a culture medium that contains cations that are required for the 
growth of organisms such as tadpoles and was prepared as described in Prati et al., 
(2000).  The only variation was the recalculation of the amount of calcium sulphate from 
the anhydrous calcium sulphate (CaSO4) as dihydrate calcium sulphate (CaSO4.2H2O) 
that was not available. The ionic strength and pH were estimated as 0.02 M and 7.7 
respectively using Visual Minteq soft ware. The constituents of FETAX culture medium 
were shown in table A.2.2 in the appendix.  The suspensions of the four metal oxide NPs 
at 200 mg/L metal oxide were prepared by weighing about 0.02 g of each nano metal 
oxide NPs into a beaker containing 100 mL of FETAX solution. Two types of 
suspensions for each metal oxide NPs were prepared. The first type was sonicated for 60 
minutes using the Branson® 5510 sonication bath.  The second type was not sonicated.   
These metal oxides NPs suspensions were then stored at room temperature of 69-73 
o
F 
(20.55 – 22.770C) under quiescent conditions in the dark.  The samples for the analysis of 
the soluble ions were initially taken at 2 h and then at 6 h post preparation period. 
Thereafter the samples were taken every 24 h for a period of 5 days.  Prior to taking of 
the sample for analysis, each beaker containing the suspensions was stirred in order to 
homogenize the contents for a representative sample. 
For the suspension of nZnO, 3 mL of the suspension at each sampling interval 
was pipetted and filtered through a 200 nm PFTE filter and kept in a 15 mL plastic vial 
until the end of the whole investigation period (5 days).  After 5 days, 0.5 mL of 
ARISTAR
®
 PLUS HNO3 was added to each filtrate and these were then digested on 
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heating blocks at 85
o
C for 4 h. These samples were digested to ensure that any metal ions 
that could have adsorbed on to the plastic vial during storage could be dislodged 
(acidification without heating would be an alternative).  Following the digestion, each 
sample was diluted to 25 mL with DDI water in volumetric flasks (this gave final 
solution a 1% nitric acid solution). For each suspension of nCuO, nFe2O3 and nTiO2, 10 
mL of the suspension was pipetted at each sampling interval and filtered through a 100 
nm polycarbonate membrane filter and kept in a 15 mL plastic vial until the end of the 
whole investigation period (5 days).  After 5 days, 0.5 mL of ARISTAR
®
 PLUS HNO3 
was added to each filtrate of nCuO and nFe2O3 and these were then digested on heating 
blocks at 85
o
C for 4 h. These samples were digested to ensure that any metal ions that 
could have adsorbed on to the plastic vial during storage could be dislodged (acidification 
without heating would be an alternative).  For nTiO2, the filtrates were digested at room 
temperature using L-cysteine and ascorbic acid according to the method described by 
Mukherjee et al., (2005). Then these digested filtrates were analyzed directly without any 
further dilution.  For quality control purposes sample blanks for each metal oxide NPs 
were spiked with standard solution containing the appropriate metal ions.  Each of these 
was then filtered through a 100 nm polycarbonate filter and recoveries were calculated 
(see table E.2 in the appendix).  The nZnO samples were analyzed on the AAS, while 
nCuO, nFe2O3 and nTiO2 were analyzed on the ICP-MS.  There were two replicates per 
sample. 
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2.1.2.3  Dissolution in natural organic matter solutions (NOM) 
The dissolved natural organic matter solutions were prepared by dissolving the 
Suwannee river natural organic matter in 0.02 M NaNO3 solution in 0.1M Tris- base 
buffer at pH 7.4 at a concentration of 50 mg C/L NOM. The dilution solution of 0.02 M 
NaNO3 was also made to pH 7.4 by dissolving 0.1M Tris-base buffer in NaNO3 
solution.   The suspensions of the four metal oxide NPs at 200 mg/L metal oxide were 
prepared by weighing about 0.02 g of each NPs metal oxide into a 400 mL beaker. Then 
appropriate volumes of 50 mg C/L NOM solutions were pippeted into the 400 mL 
beaker containing the weighed NPs.   These were then diluted to 100 mL with 0.02 M 
NaNO3 solution to yield suspensions for each metal oxide NPs of the following: 2.5, 10 
and 25 mg C/L NOM.   The suspensions were made in two types for each metal oxide. 
The first type was sonicated for 60 minutes using the Branson® 5510 sonication bath.  
The second type was not sonicated.   These metal oxides NPs suspensions were then 
stored at room temperature of 69-73 
o
F (20.55 – 22.770C) under quiescent conditions in 
the dark.  The samples for the analysis of the soluble ions were initially taken at 2 h and 
then at 6 h post preparation period. Thereafter the samples were taken every 24 h for a 
period of 5 days.  Prior to taking of the sample for analysis, each beaker containing the 
suspensions was stirred in order to homogenize the contents for a representative sample.   
For each suspension of nZnO and nCuO, 3 mL of the suspension was pipetted at 
each sampling interval and filtered through a 200 nm PFTE filter and kept in a 15 mL 
plastic vial until the end of the whole investigation period (5 days).  After 5 days, 0.5 mL 
of ARISTAR
®
 PLUS HNO3 was added to each filtrate and these were then digested on 
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heating blocks at 85
o
C for 4 h. These samples were digested to ensure that any metal 
ions that could have adsorbed on to the plastic vial during storage could be dislodged 
(acidification without heating would be an alternative).  After digestion, each sample 
was diluted to 25 mL with DDI water in volumetric flasks (this gave final solution a 1% 
nitric acid solution). For quality control purposes, two sample blanks were spiked with 
copper and zinc solutions. Each of these was then filtered through a 200 nm PFTE filter 
and recoveries were calculated.  For each suspension of nFe2O3 and nTiO2, 10 mL of the 
suspension was pipetted at each sampling interval and filtered through a 100 nm or 50 
nm polycarbonate membrane filter and kept in a 15 mL plastic vial until the end of the 
whole investigation period (5 days).  After 5 days, 0.5 mL of ARISTAR
®
 PLUS HNO3 
was added to each filtrate of nFe2O3 and these were then digested on heating blocks at 
85
o
C for 4 h. These samples were digested to ensure that any metal ions that could have 
adsorbed on to the plastic vial during storage could be dislodged (acidification without 
heating would be an alternative).  For TiO2, the filtrates were digested at room 
temperature using L-cysteine and ascorbic acid according to the method described by 
Mukherjee et al., (2005).Then the digested filtrates were analyzed directly without any 
further dilution.  For quality control purposes for nFe2O3 and TiO2, two sample blanks 
were spiked with standard solution containing iron and titanium ions.  Each of these was 
then filtered through a 100 nm or 50 nm polycarbonate filter and recoveries were 
calculated (see table E.3 in the appendix). The nZnO and nCuO samples were analyzed 
on the AAS, while the nFe2O3 and nTiO2 were analyzed on the ICP-AES and ICP-MS 
respectively. There were two replicates per sample.  
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2.1.2.4 Dissolution in aqueous solutions of variable pH and ionic strength 
The metal oxide NPs suspensions used in this study were prepared in the sodium 
nitrate solution of different ionic strength (0.01, 0.1 and 1.0 M) and at four different pH 
levels (pH3.95, pH5.18, pH 6.62 and pH 9.40). For ionic strength of 0.01M NaNO3 
solution, the following buffers were prepared: 
0.1M Acetic acid/sodium acetate (HAC/NaAC) pH = 3.95 in 0.01M sodium nitrate 
solution (NaNO3) 
0.1M 2-(N-Morpholino) ethanesulfonic acid (MES) pH =5.18 in 0.01 sodium nitrate 
solution (NaNO3) 
0.1M Piperazine-N, N’-bis (2- ethanesulfonic acid) (PIPES) pH =6.62 in 0.01 sodium 
nitrate solution (NaNO3) 
0.1M Tris (hydroxymethyl) amino methane (Tris-base) pH =9.40 in 0.01 sodium nitrate 
solution (NaNO3) 
  After the preparation of the buffer solutions, the suspensions for each metal oxide 
NPs were made at 200 mg/L metal oxide by weighing about 0.02 g of each nano metal 
oxide NPs into a beaker containing 100 mL of appropriate buffer solution for each pH 
and in two types of suspensions for each metal oxide NPs; one sonicated for 60 minutes 
using the Branson® 5510 sonication bath.  The second type was not sonicated.   These 
metal oxides NPs suspensions were then stored at room temperature of 69-73 
o
F (20.55 – 
22.77
0
C) under quiescent conditions in the dark. The samples for the analysis of the 
soluble ions were initially taken at 2 h and then at 6 h post preparation period. Thereafter 
the samples were taken every 24 h for a period of 5 days.  Prior to taking of the sample 
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for analysis, each beaker containing the suspensions was stirred in order to homogenize 
the contents for a representative sample.  
 For each suspension of nZnO and nCuO, 3 mL of the suspension was pipetted at 
each sampling interval and filtered through a 200 nm PFTE filter and kept in a 15 mL 
plastic vial until the end of the whole investigation period (5 days).  After 5 days, 0.5 mL 
of ARISTAR
®
 PLUS HNO3 was added to each filtrate and these were then digested on 
heating blocks at 85
o
C for 4 h.  These samples were digested to ensure that any metal 
ions that could have adsorbed on to the plastic vial during storage could be dislodged 
(acidification without heating would be an alternative).  After digestion, each sample 
was diluted to 25 mL with DDI water in volumetric flasks (this gave final solution a 1% 
nitric acid solution). For quality control purposes, two sample blanks were spiked with 
copper and zinc solutions. Each of these was then filtered through a 200 nm PFTE filter 
and recoveries were calculated.  For each suspension of nFe2O3 and nTiO2, 10 mL of the 
suspension was pipetted at each sampling interval and filtered through a 100 nm or 50 
nm polycarbonate membrane filter and kept in a 15 mL plastic vial until the end of the 
whole investigation period (5 days).  After 5 days, 0.5 mL of ARISTAR
®
 PLUS HNO3 
was added to each filtrate of nFe2O3 and these were then digested on heating blocks at 
85
o
C for 4 h.  These samples were digested to ensure that any metal ions that could have 
adsorbed on to the plastic vial during storage could be dislodged (acidification without 
heating would be an alternative).  For TiO2, the filtrates were digested at room 
temperature using L-cysteine and ascorbic acid according to the method described by 
Mukherjee et al., (2005).Then the digested filtrates were analyzed directly without any 
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further dilution.  For quality control purposes for nFe2O3 and TiO2, two sample blanks 
were spiked with standard solution containing iron and titanium ions.  Each of these was 
then filtered through a 100 nm or 50 nm polycarbonate filter and recoveries were 
calculated (see tables E.4 to E.7 in the appendix).  The nZnO and nCuO samples were 
analyzed on the AAS, while the nFe2O3 and nTiO2 were analyzed on the ICP-AES and 
ICP-MS respectively. There were two replicates per sample.  
This above procedure was repeated for ionic strengths of 0.1 and 1.0 M NaNO3 
solution for copper oxide and zinc oxide NPs. For iron oxide and titanium dioxide NPs, 
the procedure was repeated for 0.1 M NaNO3 solution due low variability in dissolution 
at different pH and ionic strengths. 
 
 
2.1.2.5  Modeling dissolution and species distribution using   
Visual Minteq 
Visual Minteq is geochemical modeling software and is free and downloadable 
from the internet. In this study, Visual Minteq version 3.0 was used. The metal oxide NPs 
were taken as mineral surfaces (solids) and were loaded as finite solids from Visual 
Minteq drop down menu. Once the mineral (right mineralogy) was selected, the 
concentration of the NPs (220 mg/L) used but converted into molal concentration was 
added.  However, since Visual Minteq was designed to model dissolution of bulk mineral 
oxides, the solubility equilibrium constants (Kso) in Visual Minteq were adjusted to 
reflect the particle size (surface area) as suggested by Stu 
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mm and Morgan, (1996) and Cornel and Schwertmann, (2003).  For example, 
nZnO, nCuO, and nFe2O3 NPs were selected as zincite, tenorite and hematite 
respectively. The following equations were applied to change the equilibrium solubility 
constants of bulk materials to that of nanoparticles: 
ZnO: SKLogKLog ZnOBulksnZnOso
5
)(0)( 109
 …………………………2.1 
CuO: SLogKLog CuOBulksnCuOs
5
)(0)(0 104.8
 …………………………2.2 
-Fe2O3: SKLogKLog OFeBulksOnFes
5
)32(0)32(0 107.7
  …………………2.3 
TiO2: SKLogKLog TiOBulksnTiOs
4
)2(0)2(0 102.2
 Log …………………2.4 
Where )(0 ZnOBulksKLog , )(0 CuOBulksKLog , )32(0 OFeBulksKLog  and )2(0 TiOBulksKLog  are 
equilibrium constants of the bulk materials of the mineral solids of zincite, tenorite, 
maghemite and rutile respectively, while )(0 nZnOsKLog , )(0 nCuOsKLog , )32(0 OnFesKLog  
and )2(0 nTiOsKLog  are equilibrium constants of the nano-forms of these materials 
estimated using equations 2.1 to 2.4 and using the data tabulated in table A.2.3 in the 
appendix and S was the molar surface area.  The molar surface area for these NPs were 
estimated from the surface area (tables A.2.2 and A.2.3 in the appendix) obtained from 
the BET method.  For TiO2 NPs, the equilibrium solubility constant for Rutile was used 
as the constant for Anatase is not available in Visual Minteq, and consequently mean free 
surface energy Rutile was used in the estimation equilibrium solubility constant for 
nTiO2. 
 For the modeling of the influence of natural organic matter on dissolution, the 
dissolved organic carbon non-ideal competitive adsorption-Donnan (DOC NICA-
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Donnan) model from the Visual Minteq software was used.  The model assumes that the 
organic matter is in the gel phase. The NICA-Donnan model was selected due to its 
simplicity and has fewer fitting parameters. When NICA-Donnan model is selected the 
default parameters and constant for the generic fulvic acid are applied. In this study, the 
only part of the NICA-Donnan model edited was changing the fulvic acid to humic acid. 
The humic acid (NOM) concentrations used for modeling were supplied from the 
experimental data of this study.  
 
 
2.1.2.6  Modeling dissolution using Double Exponent  
Dissolution Rate Model 
The double exponent dissolution rate model is an empirically derived equation 
describing different parts of the dissolution curve of a dissolving solid material. 
According to Morel and Hering, (1993), the dissolution rate of a solid material is 
proportional to its concentration gradient and can be expressed as: 
)( max xCCK
dt
dC
 ……………………………………………………………..2.5 
Where Cx is the concentration of the material in the bulk solution and Cmax is the 
equilibrium concentration. After making some assumptions (Cx = 0 at t = 0), the 
differential equation 2.5 can have a general solution of: 
ktx e
C
C  1
max
…………………………………………………………………….2.6. 
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Assuming that the dissolution process would involve a fast process over a short period of 
time and a slower process over a longer time, the equation can, after some manipulation 
be written as: 
tktkx eFeF
C
C 2
2
1
1
max
1   …………………………………………..2.7 
Where F1 represents fractions of a fast dissolution reaction and F2 is a fraction for slow 
dissolution reaction. If we assume F1 + F2 = 1, then F2 = 1- F1 and replacing it in 
equation 2.7 gives: 
))1(1( 21
1
1max
tktk
x eFeFCC
 
..........................................................2.8 
 
. This was the model that was used to fit experimental dissolution data as well as 
predicting the equilibrium dissolution of the metal oxide NPs in various solution 
conditions. The fitting parameters in this equation were optimized by Solver software in 
Microsoft Excel. 
 
 
2.1.2.7 Statistics 
In this study, the results of the dissolution of the sonicated and non-sonicated 
suspensions for each metal oxide NPs were combined together (to make two replicates).  
One way ANOVA from Origin Pro8.6 student version software was used to identify 
significantly different dissolved metal ions between and or among metal oxide NPs either 
at a particular pH or at specified sampling time interval.  
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2.2 Results and discussion 
2.2.1 The dissolution of metal oxide NPs in DDI water and FETAX solution 
The dissolution of these metal oxide NPs in DDI water and FETAX solution 
(figures 2.1 and 2.2 respectively) clearly showed that these NPs have different solubility 
and dissolution rates. For example in DDI water the dissolution of ZnO NPs within 2 h of 
preparation was about 2 mg/L Zn
2+
 and reached about 11 mg/L after 144 h post 
preparation period.  For the CuO NPs the dissolution was relatively lower compared to 
that of ZnO NPs.  Within 2 h of preparation the dissolution was about 1.5 mg/L Cu
2+
 and 
reached only about 2.4 mg/L after 144 h post preparation period.  The dissolution curves 
for both ZnO and CuO NPs were characterized by two distinct regions for each metal 
oxide NPs; the first region had a higher dissolution rate estimated from 2 h to 48 h post 
preparation period and the second region had a lower rate estimated from 48 h to 144 h 
post preparation period.  These dissolution rates were shown in table 2.1 and were 
estimated from the slopes of their dissolution curves (figure A.1 in the appendix).  The 
dissolution pattern for both Fe2O3 and TiO2 NPs (DDI water) was characterized by low 
dissolution and exhibited singular dissolution region and ultimately a single dissolution 
rate for each metal oxide NPs as shown in table 2.1.  Within 2 h of preparation the 
dissolution was 0.20 mg/L and 0.03 mg/L for Fe and Ti metal ions respectively and only 
reached a paltry 0.23 mg/L and 0.034 mg/L for Fe and Ti metal ions respectively after 
144 h post preparation period.  In general, the dissolution of the metal oxide NPs in DDI 
water showed that ZnO NPs had the highest dissolution followed by CuO NPs and then 
followed by Fe2O3 and TiO2 NPs. The dissolution of all these metal oxide NPs in DDI 
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could probably be described as being promoted by the adsorption of water (H2O) 
molecules. This leads to formation of hydroxyl groups.  The presence of the hydroxyl 
groups was presumed to cause polarization that weakened the oxygen-metal bond from 
the oxide and released the metal ions in solution (Stumm and Wieland, 1990; Stumm and 
Morgan, 1996). When the metal-oxygen bond was much stronger than the polarization or 
if there was a formation of protective hydrous oxide layer (Stumm and Wieland, 1990) 
then the dissolution would be negligible as was the case with nTiO2 NPs.  Table 2.1 also 
revealed interesting changes in the pH of the metal oxide NPs in DDI water. The pH of 
the DDI water was measured as 7.0 (using the pH paper as stated in the methods section). 
However, after the introduction of the metal oxide NPs in DDI water, changes in pH of 
the suspensions were observed to occur. For ZnO NPs, there was an increase in the pH, 
while for the other three metal oxide NPs suspension there was a decrease in the pH. The 
decrease in the pH of the metal oxide NPs suspensions could be attributed to the slow 
consumption of OH
-
 ions by the metal oxide NPs during the hydrolysis and hence the 
release of H
+
 ions (Fernandez-ibanez et al., 2000). But more importantly the decrease in 
pH could have been due to entry of CO2 in the reactors.   For ZnO NPs the increase in pH 
could be attributed to the fact that the interaction of ZnO oxide NPs with water leads to a 
substantial release of Zn
2+
 ions whose interaction with water could lead to the release of 
the OH
- 
ions as described by Stumm and Morgan, (1996).  
The dissolution of the metal oxide NPs in FETAX solution showed dramatic 
decrease in comparison to that observed in DDI water with the exception of TiO2 NPs 
which showed relatively higher dissolution. Within 2 h of preparation the dissolved Ti 
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metal ions was about 0.072 mg/L which was more than twice as much as that observed in 
DDI water. After 144 h, the dissolved Ti metal ions increased to about 0.084 mg/L.  
Despite the increased dissolution in FETAX solution, the dissolution of TiO2 NPs was 
characterized by a single dissolution region and hence a single dissolution rate. The 
dramatic increase in the dissolution of TiO2 NPs in FETAX solution in comparison to 
their dissolution in DDI water could not easily be explained. However, we think that the 
presence of the sulphate groups in conjunction with the bicarbonate ions in FETAX 
solution was possibly acting as weak electron donor that led to reductive promoted 
dissolution of TiO2 NPs. For ZnO NPs the dissolved metal ions in FETAX solution 
within 2 h of preparation was about 0.85 mg/L and only increased to 1.2 mg/L after 144 
h. However, the dissolution was characterized by two distinct regions. The first region 
had a higher dissolution rate estimated from 2 h to 48 h and the second region had a 
lower rate and was estimated from 48 h to 144 h post preparation period.  The dissolution 
of CuO NPs in FETAX solution was extremely low. Within 2 h of preparation the 
dissolved Cu
2+
 was about 0.015 mg/L and only rose to about 0.05 mg/L after 144 h post 
preparation period. The dissolution was characterized by a single region and single 
dissolution rate.  For Fe2O3 NPs the dissolution was lower compared to that observed in 
DDI water. Within 2 h of preparation the dissolved Fe metal was about 0.06 mg/L and 
increased to about 0.15 mg/L after 144 h post preparation period. The dissolution had a 
single dissolution region and dissolution rate. The reduction in the dissolution of the other 
three metal oxide (ZnO, CuO, Fe2O3) NPs in FETAX solution could be not be easily 
explained. However, this decrease in dissolution could partly be attributed to increased 
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aggregation due to increased ionic strength.  In FETAX solution, the pH for all the metal 
oxide NPs remained fairly constant at about 7.8 throughout the study period. The stability 
of the pH could be attributed to the bicarbonate component that could have acted as 
buffer in the FETAX solution.  In this study, the solubility maximum of each the metal 
oxide NPs in both DDI water and FETAX solution was not reached as the study was 
terminated after 144 h, a period probably less than the time required for the solubility 
equilibrium to be reached. However, a two exponent dissolution rate model was used to 
predict the equilibrium concentrations of the metal oxide NPs in DDI and FETAX 
solution. The model was also used to fit the experimental data.  The results were shown 
in table A.1 and figure A.17 in the appendix. The model fitted the experimental data 
fairly well with the coefficient of variation (R
2 
> or ≈ 0.90) being greater than or 
approximately close to 0.9 in the majority of the cases.  
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 Table 2.1. Dissolution rates of metal oxide NPs in DDI and FETAX solution and the 
surface area measured by BET method 
NP type 
DDI water FETAX solution 
Surface 
area 
pH changes 
1
st
  rate 
mgL
-1
h
-1
 
2
nd
 rate 
mgL
-1
h
-1
 
1
st
  rate 
mgL
-1
h
-1
 
2
nd
 rate 
mgL
-1
h
-1
 
m
2
g
-1
 DDI water      
 
CuO 
 
 
9.13E-3 
 
 
2.55E-3 
 
1.99E-4 
 
1.99E-4 
 
16.1 
 
6.95 to 
6.13 
 
ZnO 
 
 
1.226E-1 
 
2.14E-2 
 
5.59E-3 
 
7.071E-4 
 
19.5 
 
7.10 to 
7.38 
 
 
Fe2O3 
 
 
1.520E-4 
 
1.520E-4 
 
7.673E-4 
 
7.673E-4 
 
24.3 
 
6.90 to 
6.30 
 
TiO2 
 
 
2.559E-7 
 
2.559E-7 
 
5.590E-5 
 
5.590E-5 
 
32.5 
 
6.90 to 
6.25 
 
      
 
The 1st rate was estimated from 2 h – 48 h and the 2nd rate was estimated from 
 48 h – 144 h. The pH for FTEAX solution was steady at 7.8. 
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Figure 2.1. The dissolution of metal oxide NPs in DDI water.  The error bars 
indicate the standard deviation of two replicates (sonicated and non-sonicated) 
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Figure 2.2. The dissolution of metal oxide NPs in FETAX solution.  The 
error bars indicate the standard deviation of two replicates (sonicated and 
non-sonicated) 
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2.2.2 The solubility of metal oxide NPs in NOM solutions 
Due to small and statistically insignificant differences in the dissolution between 
the sonicated and non-sonicated metal oxide NPs in the NOM solutions, the results for 
the sonicated and non-sonicated for each metal oxide NPs were combined together and 
the error bars shown indicate the standard deviation of the two. The recoveries in all 
spiked samples were either equal to or above 95 %. 
The results of metal oxide NPs dissolution in solutions of varying NOM content 
were shown in figures 2.3 and 2.4. In the preliminary tests, the introduction of NPs in 
solution containing different NOM contents showed great variation in pH.  Therefore in 
this study, we decided to use a medium pH of 7.4 using the Tris-base buffer as described 
in the method section. The dissolution of the metal oxide NPs in the solutions of varying 
NOM content revealed interesting dissolution patterns for different metal oxide NPs. For 
example, the data demonstrated that ZnO NPs were the most dissolved among the metal 
oxide NPs considered in this study.  The dissolved Zn metal within 2 h of preparation 
was about 2 mg/L, 6 mg/L and 10.5 mg/L for 2.5 mg C/L, 10 mg C/L and 25 mg C/L 
NOM concentration respectively. The dissolved Zn metal reached 16 mg/L, 22 mg/L and 
28 mg/L for 2.5 mg C/L, 10 mg C/L and 25 mg C/L NOM concentration respectively 
after 144 h post preparation period. The dissolution curves for ZnO NPs were 
characterized by two dissolution regions for each NOM concentration. As shown in table 
2.2, the first region showed a higher dissolution rate estimated from 2 – 48 h and the 
second region showed a lower rate estimated from 48 – 144 h post preparation for both 
2.5 mg C/L NOM and 10 mg C/L NOM concentrations. However, at 25 mg C/L NOM 
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concentration, the dissolution curve of ZnO NPs showed the first and the second rates 
estimated at respectively 2 - 24 h and 24 - 144 h post preparation period.  
The CuO NPs showed a similar dissolution trend to that of ZnO NPs, except that 
CuO NPs had lower dissolution. For example, the dissolved Cu metal within 2 h of 
preparation was 2 mg/L, 4.5 mg/L and 7.5 mg/L for 2.5 mg C/L, 10 mg C/L and 25 mg 
C/L NOM concentration respectively. By the end of the study period the dissolved Cu 
metal reached 2.8 mg/L, 6.0 mg/L and 12.0 mg/L for 2.5 mg C/L, 10 mg C/L and 25 mg 
C/L NOM concentration respectively.   The dissolution curves of CuO NPs showed two 
distinct dissolution regions for each NOM concentration.  The first region showed a 
higher dissolution rate estimated from 2 – 48 h and the second region showed a lower rate 
estimated from 48 – 144 h post preparation period for both 2.5 mg C/L NOM and 10 mg 
C/L NOM concentrations. However, at 25 mg C/L NOM concentration, the dissolution 
curve of CuO NPs showed the first and the second rates estimated respectively at 2 - 24 h 
and 24 - 144 h post preparation period.  Interestingly, NOM showed marginal influence 
on the dissolution of Fe2O3 NPs and virtually no influence for TiO2 NPs (as revealed by 
statistical tests). The one way ANOVA showed that the concentrations of TiO2 NPs 
suspensions at all NOM concentrations for the whole investigation period were not 
significantly different.   At the NOM concentration of 2.5 mg C/L, the dissolution of 
Fe2O3 NPs was characterized by a single dissolution rate. However, at 10 mg C/L and 25 
mg C/L NOM concentration, the dissolution of Fe2O3 NPs showed two distinct regions 
for each NOM concentration. The first region for each NOM concentration showed a 
higher rate estimated at 2- 48 h and the second region showed a lower rate estimated at 
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48 – 144 h post preparation period.  In general the dissolution of metal oxide NPs in the 
NOM solutions could be described as ligand promoted. This was presumed to occur due 
to the interaction of the metal ions with the NOM ligands which shifts electrons density 
toward the central metal ion at the surface and brought the negative charge into the 
coordination sphere of the Lewis acid centre and enhanced simultaneously the surface 
charge protonation, which labilized the critical metal – oxygen bonds thereby causing the 
detachment of the metal ion into the solution (Stumm and Morgan, 1996). The greater the 
NOM content, the greater this effect and hence the greater the dissolution as reflected in 
the results in figures 2.3 and 2.4 (a). The non-response in dissolution of TiO2 NPs to 
NOM content could be attributed to inherent insensitivity of TiO2 NPs to this mechanism 
of dissolution.  The dissolution of TiO2 NPs could probably be induced by strong 
reductants (reductive dissolution), that can reduce the +4 state to +3 state and possibly +2 
state and hence release it into solution (Mukherjee et al., 2005).    
Overall, in this study the solubility maximum of the metal oxide NPs in NOM 
solution was not reached because the study was terminated after 144 h, a period probably 
much less than the time required for the equilibrium to be reached. However, a two 
exponent dissolution rate model was used to predict the equilibrium concentrations of the 
metal oxide NPs in the different concentrations of NOM solutions. The predicted 
equilibrium concentrations were shown in table A.2 in the appendix.  The model was also 
used to fit the experimental data and as shown in the figure A.18 in the appendix, the 
agreement of the experimental data with the model was fairly good (R
2
 >or≈0.90).  The 
increased release of metal ions from metal oxide (ZnO and CuO) NPs under the influence 
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of NOM in aqueous solutions would not necessarily mean that there would be possible 
increase in the exposure of aquatic organisms. This is because of the metal – NOM 
interaction.  A great number of ligands are known to be metal ion scavengers in aqueous 
solution and NOM is presumed to be one of the most effective metal ion scavengers 
especially in ambient pH (Benjamin, 2002; Morel and Hering, 1993). Also this was 
effectively demonstrated by the Visual Minteq software prediction (figures A.14 and 
A.15 in the appendix).  
 
 
Table 2.2. Dissolution rates of metal oxide NPs in solution of varying NOM content 
NP type 
2.5 mg C/L NOM 10 mg C/L NOM 25 mg C/L NOM 
1st rate 
mgL
-1
h
-1
 
2
nd
 rate 
mgL
-1
h
-1
 
1
st
  rate 
mgL
-1
h
-1
 
2
nd
 rate 
mgL
-1
h
-1
 
1
st
  rate 
mgL
-1
h
-1
 
2
nd
 rate 
mgL
-1
h
-1
 
 
CuO 
 
8.980E-3 4.340E-3 2.250E-2 8.710E-3 3.860E-2 2.550E-2 
 
ZnO 
 
1.458E-1 9.175E-2 1.928E-1 9.280E-2 2.480E-1 9.907E-2 
 
Fe2O3 
 
4.202E-4 4.202E-4 2.720E-3 2.811E-4 2.820E-2 9.722E-4 
       
1
st
 rate was estimated from 2 – 24 h and the 2nd rate was estimated from 24 – 144 h. 
However, for ZnO and CuO NPs at 25 mg C/L NOM, the 1
st
  rate was estimated from 2 - 
24 h and the 2
nd
 rate was estimated from 24 -144 h.  
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Figure 2.3. The dissolution of metal oxide NPs in NOM solutions (a) ZnO 
NPs and (b) CuO NPs The error bars indicate the standard deviation of 
two replicates (sonicated and non-sonicated) 
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Figure 2.4. The dissolution of metal oxide NPs in NOM solutions (a) 
Fe2O3 NPs and (b) TiO2 NPs. The error bars indicate the standard 
deviation of two replicates (sonicated and non-sonicated)  
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2.2.3 The dissolution of metal oxide NPs in solution of  
varying pH and ionic strength 
Due to small and statistically insignificant differences in the dissolution between 
the sonicated and non-sonicated metal oxide NPs in this study, the result for the sonicated 
and non-sonicated for each metal oxide NPs were combined together and the error bars 
shown indicate the standard deviation of the two. The recoveries in all spiked samples 
were either equal to or above 95 %. 
Some of the results of the dissolution of metal oxide NPs in solutions of varying 
pH and ionic strength were shown in figures 2.5 and 2.6 for illustrative purposes, a 
complete set of results are in the appendix (figures A.6 to A.10).  In this study, four pH 
values (3.95, 4.18, 6.62 and 9.40) and three ionic strengths (0.01, 0.1 and 1.0 M) were 
considered. The dissolution of metal oxides NPs in solutions of varying pH and ionic 
strength as expected displayed different dissolution profiles. For example, ZnO NPs 
showed very low dissolution at pH 9.40 at any ionic strength.  However, at pH 3.95, the 
dissolution was so high that about 90 % of the NPs were dissolved after 144 h of post 
preparation period.  At any ionic strength the dissolution of ZnO NPs at pH 5.18 and pH 
6.62 were statistically not significantly different (one way ANOVA).  The effect of ionic 
strength was examined at constant pH as shown in figure 2.6 and was observed not to 
have very significant effect on the dissolution of ZnO NPs.  However, the trend suggests 
that ZnO NPs are more soluble in low ionic strength solutions consistent with theoretical 
projections (Borm et al., 2006; Lin et al., 2010). This trend was equally observed when 
we examined the second dissolution rates of ZnO NPs as shown in table 2.3.  The 
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dissolution curves for ZnO NPs were shown in the figure A.11 in the appendix.  The 
dissolution curves showed two regions for each pH and at each ionic strength. The first 
region showed a relatively higher dissolution rate estimated from 2 – 24 h and the second 
region showed lower rate estimated from 24 – 144 h post preparation period.  The 
decrease in the dissolution of ZnO NPs with increase in the ionic strength could be 
attributed to reduction of surface energy of NPs due increased aggregation in higher ionic 
strength solutions.  For CuO NPs, a trend emerged quite different from that observed for 
the ZnO NPs.  The CuO NPs showed very low dissolution at pH 6.62 at any ionic 
strength.   As depicted in the figure A.6 in the appendix, at pH 9.40, initially (2 h) the 
dissolution was very low, and then it increased to supersede that of pH 3.95 and pH 5.18 
at ionic strength 0.1 and 1.0 M after 144 h.  For CuO NPs, there was no trend from ionic 
strength influence on the dissolution of the NPs.  The dissolution curves were 
characterized by two distinct regions for each pH at each ionic strength. The first region 
showed a higher dissolution rate estimated from 2 – 24 h and the second region showed a 
lower dissolution rate estimated from 24 – 144 h post preparation period.  For the Fe2O3 
NPs the dissolution in solutions of different pH and ionic strengths was very low in 
comparison to that of ZnO and CuO NPs. As was the case with CuO NPs, there was no 
trend from ionic strength influence on the dissolution of Fe2O3 NPs. The dissolution 
curves for pH 3.95 and pH 9.40 were characterized by two distinct regions.  The first 
region showed a higher dissolution rate estimated from 2- 48 h and the second region 
showed a lower dissolution rate estimated from 48 – 144 h post preparation period. The 
dissolution curves of pH 5.18 and pH 6.62 had a single region each and a single 
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dissolution rate. The dissolution of TiO2 NPs in solutions of varying pH and ionic 
strength was low and showed no sensitivity.  Overall, the solubility maxima for the metal 
oxide NPs in solutions of varying pH and ionic strength were estimated by using the 
empirical double exponent dissolution rate model (table A.3 in appendix) and the fit was 
fairly good (R
2
 >or≈0.90) (figure A.19  in the appendix).  These dissolution results were 
consistent with the findings of other studies reported in literature (Baalousha et al., 2008; 
Auffan et al., 2009).  
 
 
Table 2.3.  Dissolution rates of metal oxide NPs in solutions of varying pH and ionic 
strength  
NP 
typ
e 
pH 
Ionic 0.01 Ionic strength 0.1 Ionic strength 1.0 
Initial rate 
mgL
-1
h
-1
 
2
nd
 rate 
mgL
-1
h
-1
 
Initial rate 
mgL
-1
h
-1
 
2
nd
 rate 
mgL
-1
h
-1
 
Initial rate 
mgL
-1
h
-1
 
2
nd
 rate 
mgL
-1
h
-1
 
 ZnO 
 
3.95 0.8410 0.2220 0.3330 0.1571 0.7211 0.1363 
5.18 0.2880 0.1585 0.2531 0.1410 0.3412 0.1341 
6.62 0.1312 0.3222 1.098 0.1431 1.083 0.1257 
9.40 - - - - - - 
 3.95 1.225 0.1236 1.825 0.1261 0.8755 0.1292 
CuO 
 
5.18 1.516 0.3114 1.236 0.1367 1.545 0.0751 
 6.62 - - - - - - 
 9.40 3.720 0.3380 3.419 0.3710 3.083 0.3304 
 3.95 2.95E-4 1.95E-3 4.20E-4 1.23E-3 - - 
Fe2O
3 
 
5.18 2.55E-4 2.55E-4 2.55E-4 2.55E-4 - - 
 6.62 2.91E-4 2.91E-4 2.99E-4 2.99E-4 - - 
 9.40 7.10E-6 1.68E-3 4.96E-5 1.68E-3 - - 
1
st
 rate was estimated from 2 – 24 h and the 2nd rate was estimated from 24 – 144 h 
  For pH 9.40 and pH 6.62 the dash means dissolution rate were not calculated due to  
  insignificant dissolution. For the 1.0 M ionic strength for Fe2O3 the dash means that the results 
were not available 
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Figure 2.5. The influence of pH on the dissolution of ZnO NPs (a) 0.01 M 
, (b) 0.1 M and (c) 1.0 M ionic strength. The error bars indicate the 
standard deviation of two replicates (sonicated and non-sonicated) 
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Figure 2.6. The influence of ionic strength on the dissolution of ZnO NPs 
(a) pH 3.95 , (b) pH 5.18 and (c) pH 6.62. The error bars indicate the 
standard deviation of two replicates (sonicated and non-sonicated) 
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2.2.4 Visual Minteq modeling of metal oxide NPs solubility and speciation 
In this study we used Visual Minteq software to predict the dissolution of metal 
oxide NPs in solutions. We specifically wanted to see how modeled results corroborate 
the experimental data.  The results were shown in figures 2.7 to 2.10.  The results from 
Visual Minteq for the dissolution of all the four metal oxide NPs suggest that they are not 
significantly influenced by the ionic strength as shown in figure 2.7. The metal oxide NPs 
were shown (figure 2.8) to have different dissolution and solubility profiles.  It was 
observed that ZnO NPs were much more soluble than other metal oxide NPs considered 
in this study. On the other hand, it was observed that TiO2 NPs showed very low 
sensitivity to pH changes.  These observations were consistent with the experimental 
data. We also fitted the experimental dissolution data obtained at 144 h and the predicted 
equilibrium data from the double exponent dissolution rate model with the dissolution 
data modeled from Visual Minteq as shown in figure 2.8.  The fit showed good 
agreement for the ZnO and CuO NPs except for the CuO NPs data at pH 9.40.  The 
experimental data appeared much higher than the Visual Minteq results for Fe2O3 and 
TiO2 NPs.  However, in principle, there was agreement for both experimental data and 
Visual Minteq on the low solubility of Fe2O3 and TiO2 NPs across a wide range of pH.   
Figure 2.9 showed the effect of NOM on the dissolution of metal oxide NPs as modeled 
in Visual Minteq.  This was modeled in 0.01 M ionic strength. There were no changes to 
figure 2.9 when the ionic strength was increased or decreased in the Visual Minteq 
software. This figure (2.9) showed that NOM significantly increased the solubility of 
some metal oxide NPs.  For example, there were clear differences in the amounts of 
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dissolved metal ions for CuO, ZnO and Fe2O3 NPs between suspensions with and without 
NOM.  The most dramatic differences were observed for CuO and Fe2O3 NPs, where the 
NPs suspensions without NOM showed much lower solubility compared with those with 
NOM.  Interestingly, the TiO2 NPs showed no differences in solubility when both pH and 
NOM were varied, except at pH values higher than 12.  These Visual Minteq model 
results on the TiO2 NPs were consistent with the experimental data that equally showed 
that these NPs were not sensitive to pH and NOM changes.  The comparison of Visual 
Minteq modeling of metal oxide NPs in open (where CO2 was bubbled) and closed (CO2 
was excluded) systems were shown in figure 2.10. The results indicated that the presence 
of CO2 affected the dissolution of CuO and ZnO NPs and this increase in dissolution was 
much more dramatic at pH values greater than 7.0. However, for the Fe2O3 and TiO2 
NPs, the bubbling of CO2 had no influence on their solubility.  Principally, the increase in 
the solubility for NPs like ZnO and CuO in the presence of NOM and CO2 would not 
necessarily lead to the increase in the free metal ions in solution. This is due to the 
formation of various complexes as could be observed from figures A.14 to A.16 in the 
appendices.  The total dissolved metal for each metal oxide NPs was observed to be a 
sum of various complexes in the aqueous solution. 
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Figure 2.7: The effect of ionic strength on metal oxide NPs solubility as modeled 
in Visual minteq 
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Figure 2.8:  The fitting of experimental and predicted data to the metal oxide 
modeled solubility as NPs and bulk materials. 
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Figure 2.9:  The effect of NOM on metal oxide NPs solubility as modeled in 
Visual minteq at 0.01 M ionic strength 
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Figure 2.10:  The effect of CO2 on metal oxide NPs solubility as modeled in 
Visual minteq at 0.01 M ionic strength 
 
 
 
65 
 
2.3 Conclusions 
The dissolution of metal oxide NPs in the various aqueous media showed the 
diversity of metal oxide NPs dissolution and solubility profiles. The dissolution of metal 
oxide NPs in DDI was found to be higher for ZnO, CuO and Fe2O3 NPs than in FETAX 
solution. However, TiO2 NPs showed that their dissolution in FETAX solution was 
higher than in DDI water. The presence of NOM in an aqueous solution was found to 
have profound influence on the dissolution of metal oxide NPs such as ZnO, CuO and 
Fe2O3. The influence was however, found to be insignificant for TiO2 NPs. For TiO2 NPs, 
their dissolution was not even affected by both the changes in pH and ionic strength. The 
changes in pH showed an interesting trend in the dissolution of ZnO and CuO NPs. While 
on one hand the ZnO NPs showed high dissolution in pH 3.95, 5.18 and 6.62, the 
dissolution in pH 9.40 was very low. On the hand, the dissolution of CuO NPs was 
shown to be high in pH 3.95, 5.18 and pH 9.40, but in pH 6.62 the dissolution was very 
low. The Fe2O3 NPs showed higher dissolution in the two extreme pH of 3.95 and pH 
9.40 and was lower in the intermediate pHs of 5.18 and 6.62. The experimental results for 
CuO and ZNO NPs were corroborated well with the Visual Minteq model results, while 
those of Fe2O3 and TiO2 NPs were shown to be higher than modeled results.  However, 
the experimental results for all metal oxide NPs agreed fairly well with the double 
exponent dissolution rate model.  The Visual Minteq model results indicated that the 
influence of ionic strength on dissolution was minimal. When CO2 was allowed in the 
system, the model results indicated that the dissolution of CuO and ZnO NPs increased, 
especially at pH values greater than 7. The solubility maximum of the metal oxide NPs 
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was estimated by the two exponent dissolution rate  model and the agreement of the 
model predicted concentration with the experimental data was fairly good (R
2
 >or ≈ 
0.90).  The study revealed valuable information about the dissolution profiles of the metal 
oxides NPs studied. The study also revealed valuable information for aiding the timing of 
toxicity tests based on the dissolution (rates) curves. Thus aqueous chemistry in addition 
to the metal oxide surface chemistry has fundamental influence on the extent of metal 
oxide NPs dissolution.  
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CHAPTER 3.  THE INFLUENCE OF AQUEOUS CHEMISTRY ON 
THE AGRREGATION OF METAL OXIDE NPs AND THE 
RESULTANT FRACTAL DIMENSIONS 
 
Abstract: 
When metal oxide nanoparticles (NPs) are introduced into the aqueous solution, 
the initial reactions are presumed reversible and are largely due to the adsorption of water 
molecules.  These reactions activate three important processes that have potential to 
influence the behavior of NPs in aqueous solution.  They can affect the distribution of 
species between the aqueous phase and particulate matter, they can influence electrostatic 
interactions arising from the electrostatic properties of suspensions and they can initiate 
surface catalyzed reactions and hence could induce dissolution and precipitation. All 
these processes can affect aggregation and transport of NPs in aqueous phase. The overall 
effect of these processes is not only the change in particle size and size distribution, but 
also on the space filling characteristics of the particles within the aggregates (fractal 
dimension) and thereby affecting strength and sedimentation of aggregates. The drivers 
of these processes are presumably the metal oxide surface chemistry and the aqueous 
chemistry. Once the NPs are aggregated, it is presumed that substantial surface area and 
reactivity are lost. And hence this could result into decreased mobility in the aqueous 
media and reduced toxicity. Understanding the factors that influence aggregation of metal 
oxide NPs and how these factors affect resultant aggregate compactness (fractal 
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dimensions) and hence settling in aqueous solution could help in predicting toxicity and 
in the design of appropriate toxicity tests.  In this study the aggregation of the four metal 
oxide NPs was examined in solutions of varying pH, ionic strengths, including DDI, 
FETAX solution and in solutions containing varying dissolved NOM content.  The study 
also investigated the packing characteristics of the resultant aggregates by determining 
the fractal dimensions. The fractal dimensions of all four metal oxide NPs were 
determined in DDI, FETAX solution and in solutions containing varying NOM content. 
The Study further examined the fractal dimensions of TiO2 NPs in different solution 
conditions of pH, ionic strength and dissolved NOM content and in suspensions of 
different particle loading and in different fluid stress. The dynamic light scattering (DLS) 
technique and scanning electron microscope (SEM) were used to characterize 
aggregation. The PALS Zeta potential analyzer was used to measure surface charge.  The 
classical light scattering technique, using the Dawn heleos (Wyatt Technology 
Corporation) instrument was used in measuring the angular dependent light scattering 
from which the fractal dimensions were estimated. 
The results showed a high degree of variability in aggregation among different 
metal oxide NPs.  The NPs aggregation behavior was strongly dependent on the solution 
composition.  The dissolved NOM was shown to have strong influence on the stability of 
NPs aggregates.  As expected, at higher ionic strengths, the rate of aggregation and 
settling was more extensive, however, results showed that substantial amounts of NPs 
aggregates remained suspended in the aqueous solution. The results of the fractal 
dimension showed that this aggregate property is dependent on the solution chemistry. 
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When the ionic strength of a solution was high, the fractal dimensions were lower.  On 
the other hand, when the ionic strength of a solution was low, the fractal dimensions were 
relatively larger.  The increase in dissolved NOM lead to an increase in the values of 
fractal dimensions. The fractal dimensions under turbulent conditions were observed to 
be larger than those determined under quiescent conditions especially in solution of high 
ionic strength. 
 
 
 3.0 Introduction 
The natural aquatic environment has many dissolved species and non dissolved 
colloidal suspended components (Stumm and Morgan, 1981; Stumm and Morgan, 1996). 
The dissolved components often times reflect the land use and the hydrogeologic 
signature of a particular aquatic ecosystem (Morel and Hering, 1993; Benjamin, 2002). 
These dissolved components include various ligands ranging from simple monodentate 
Cl
-
 to complex polyelectrolytes such as NOM and a variety of metal cations (Schindler 
and Stumm, 1987). When metal oxide NPs are introduced into aqueous solution, they 
undergo the initial reaction of adsorption of water molecules and this hydrates the oxide 
surfaces (Schindler and Stumm, 1987).  Eventually, these surfaces undergo dissociative 
chemisorptions with the formation of the hydroxyl groups (Schindler and Stumm, 1987). 
These hydrated surfaces are amphoteric and can participate in a number of surface 
reactions (Illes and Tombacz, 2006).  These reactions may include surface complexation, 
surface ligand exchange, hydrogen bonding, electrostatic interactions, polarization and 
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hydrophobic interactions (Yang et al., 2009). Subsequently, the particles may aggregate 
(or remain dispersed) or their aggregation kinetics is altered and hence affects their 
transport in aqueous phase (Westall, 1987).  The extent to which these reactions can 
occur and cause particle aggregation depends largely on the ionic strength, pH, dissolved 
ligands such as NOM and other specifically adsorbed ions in the aqueous 
solution(O’Melia, 1990; Benjamin, 2002) and also on the point of zero charge for the 
metal oxide NPs (Illes and Tombacz, 2006; Pettibone et al., 2008). 
The influence of ionic strength understandably, has the most dramatic effects on 
the aggregation kinetics of nanoparticles in aqueous solution. The surface reactions on 
the metal oxide NPs can lead to charge development (Westall, 1987; Illes and Tombacz, 
2006). The interactions of these particles result in the development of local electric fields 
and long range effects (Westall, 1987; Morel and Hering, 1993; Tombacz, 2006).  
Consequently, the arrangement of charged species between the aqueous phase and the 
suspended particles creates electric double layer (Westall, 1987; Morel and Hering, 
1993).  This can affect the stability of particles as described by the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory (O’Melia, 1990; Morel and Hering, 1993; Tombacz, 
2006).  This theory considers the van der Waals attractive forces (V A) and the 
electrostatic repulsion (V R) between any two charged particles when their electric 
double layers overlap (O’Melia, 1990; Morel and Hering, 1993; Illes and Tombacz, 
2006). When the colloidal suspension is stable, the overall particle interaction is 
repulsive. But when the attractive forces outweigh the repulsion, there is particle 
aggregation. According to Morel and Hering, (1993), it can be deduced that the electric 
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double layer is directly proportional to the surface charge density on the particles. 
Therefore the factors that change or affect the charge density will affect the electric 
double layer thickness or the Debye length (O’Melia, 1990; Morel and Hering, 1993) and 
ultimately the stability of particles. The ionic strength of an aqueous solution is known to 
affect the Debye length through its influence on the charge density (Morel and Hering, 
1993). When ionic strength is high it screens charges thereby affecting the charge density 
and in turn causes the compression of the double layer thickness (O’Melia, 1990; Morel 
and Hering, 1993). This reduces the distance of closest approach between two charged 
particles, rendering the van der Waals attractive forces to be dominant over electrostatic 
repulsive forces and hence the aggregation. By controlling the ionic strength of any 
aqueous media, the aggregation kinetics of particles can be modified and so would be the 
resultant fractal dimension (space filling characteristics) of aggregates. 
The pH of an aqueous solution has an equally important influence on aggregation 
status of suspended particles (Illes and Tombacz, 2006). The pH of aqueous media can 
affect the protonation and deprotonation of hydrous oxide surfaces as well as that of 
acidic and basic ligands (Westall, 1987; Schindler and Stumm, 1987). This in turn can 
influence the subsequent adsorption reactions of particles in the aqueous media 
(Schindler and Stumm, 1987) and could affect and dictate the kind the stabilization or 
aggregation mechanism that suspended particles may experience (O’Melia, 1990; Yang 
et al., 2009). The pH of an aqueous solution could affect the charge density and hence the 
stability of suspensions (Illes and Tombacz, 2006).  The most dramatic aggregation of 
any suspension of metal oxide NPs occurs at pH around the point of zero charge (PZC) 
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even at low ionic strength, because the charge density is very low in this pH range (Illes 
and Tombacz, 2006). However, these suspensions could be stable at any pH far from the 
PZC, in aqueous solutions with low ionic strength (Benjamin, 2002).     
The dissolved natural organic matter (NOM) is considered a flexible 
polyelectrolyte that has anionic functional groups with hydrophobic components 
(O’Melia, 1990). Structurally, its configuration can be affected by the pH and ionic 
strength of the aqueous solution in which it is dissolved (O’Melia, 1990; Stumm and 
Morgan, 1996). In fresh waters with moderate pH and relatively low ionic strength, its 
molecules assume extended shapes (structurally relaxation) as a result of intramolecular 
electrostatic repulsive interaction (O’Melia, 1990; Stumm and Morgan, 1996). When 
metal oxide NPs are introduced into the aqueous solution with dissolved NOM, surface 
ligand exchange (carboxylic or phenolic with surface hydroxyl groups) occurs augmented 
by hydrophobic interaction from hydrophobic components (Stumm and Morgan, 1996; 
Yang et al., 2009). This would result into the accumulation of negative charges on the 
surfaces of the metal oxide nanoparticles causing electrostatic stabilization (Yang et al., 
2009) and hence particle stability. However, if the NOM concentration is not high 
enough to cause complete charge reversal on the NP metal oxide surface, there would be 
particle aggregation (Stumm and Morgan, 1996; Illes and Tombacz, 2006).  At low pH or 
high ionic strength where the NOM molecules are not well deprotonated, the interactions 
are mainly hydrophobic and the resultant particle stabilization could be due to steric 
effects. This means that presence of macromolecular layer causes entropically 
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unfavorable conditions at the close approach of particles (Stumm and Morgan, 1981; Illes 
and Tombacz, 2006). 
The aggregation of NPs in aqueous solutions is governed by collision frequency 
and attachment efficiency (Amal et al., 1991). When both collision frequency and 
attachment efficiency are high the aggregate structure formed is loose and tenuous, but 
when both are low the resultant aggregate is tightly packed and compact (Amal et al., 
1991). The attachment efficiency is believed to be controlled by the aqueous chemistry, 
while the collision frequency is a function of particle contact mechanisms (Lee et al., 
2000). In aqueous solution, the modes of particle contact mechanisms include Brownian 
motion, fluid shear and differential sedimentation (Morel and Hering, 1993; Lee et al., 
2000). The attachment efficiency is affected by factors such as ionic strength, pH and 
dissolved components such as NOM (Stumm and Morgan, 1981; Stumm and Morgan, 
1996; Amal et al., 1990).  The changes to the aqueous chemistry could result into a 
system where either the repulsive forces between particles are enhanced or diminished 
leading to reaction limited (slow)  and diffusion limited (fast) aggregation respectively 
(Amal et al., 1990; 1991). The aggregate structures from such aggregation kinetics can be 
described by a characteristic parameter called the fractal dimension. The fractal 
dimension is a scale invariant space filling characteristics of primary particles in an 
aggregate (Guan et al., 1998; Amal et al., 1990; Bushell et al., 2002) and gives an 
indication of compactness of aggregates which affects porosity, velocity, settling and 
strength properties of the aggregates (Selomulya et al. 2004). In comparative terms, 
larger fractal dimensions indicate tightly packed and compact relatively smaller 
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aggregates and smaller fractal dimensions indicate loose and tenuous relatively larger 
aggregates.  Several techniques such as imaging, settling and laser light scattering have 
been used to determine the fractal dimension (Jarvis et al., 2005). The scattering of light 
can give position correlations between particles in an aggregate and hence is often used to 
determine the fractal dimensions of aggregates (Amal et al, 1990).  The intensity of the 
scattered light is measured at various angles. Using the relationships that describes 
measured scattered intensity of aggregate clusters and momentum transfer or scattering 
vector:
Df
qqI

)( , the fractal dimension (Df) is obtained from the scattering exponent, 
which is the slope of the plot of log (I) intensity vs. the log (Q), the scattering vector, 
which is given as:  Q = )2/(sin
4
0
0 

n
 
where 0n is the refractive index of the suspending medium, 0 is the wavelength of the 
light and θ is the angle of scattering. 
However, others have argued that the fractal dimension alone is not adequate in 
characterizing aggregate structures and hence aggregating systems. They contend that 
another parameter of aggregates, the lacunarity is required in addition to fractal 
dimension to completely characterize any aggregate structure (Pendleton et al., 2005). 
The lacunarity is defined as the measure of the degree of translational invariance of mass 
within an aggregate (Smith et al., 1996; Pendleton et al., 2005). The importance of this 
property lies in its ability to distinguish any two aggregates that may have the same 
fractal dimension and yet could have different textures (Allain and Cloitre, 1991). 
However, much work in developing the methods of estimating lacunarity is required as 
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the current methods still have limitations and problems, particularly with application 
universality (Smith et al., 1996; Pendleton et al., 2005). 
In the aqueous solution metal oxide NPs can aggregate or can remain in a 
dispersed state.  When aggregates are formed they may become compact or may be loose 
and tenuous. All these depend on the aqueous chemistry and the surface chemistry of the 
NPs both of which can influence kinetics of particle interactions. Understanding the 
factors that influence the interaction kinetics of metal oxide NPs in aqueous solution is 
critical in predicting sedimentation and hence toxicity in aquatic systems. In this study 
the aggregation of the four metal oxide nanoparticles (nZnO, nCuO, nFe2O3, and nTiO2) 
in aqueous solution of varying pH, ionic strength and the dissolved NOM content was 
examined. The study also examined the fractal dimensions of aggregates of all four metal 
oxide NPs formed under different solution conditions such as DDI, FETAX solution and 
in solutions containing varying NOM content. The study further examined the fractal 
dimensions of TiO2 NPs in different solution conditions of pH, ionic strength and 
dissolved NOM content, in different particle loading and different fluid stress. The 
dynamic light scattering (DLS) technique and scanning electron microscope (SEM) was 
used to characterize aggregation. The PALS Zeta potential analyzer was used to measure 
surface charge.  The classical light scattering technique, using the Dawn heleos (Wyatt 
Technology Corporation) instrument was used for measuring the angular dependent light 
scattering from which the fractal dimensions were estimated. 
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3.1 Materials and methods 
3.1.1 Materials 
All the four metal oxide NPs were used as purchased, that is, there were not 
washed or cleaned. The Fe2O3, CuO and ZnO NPs were purchased from Sigma-Aldrich. 
Titanium dioxide NPs used in this study were P25 from Degussa Corporation. The 
particle sizes were advertized as <50 nm for Fe2O3, CuO, TiO2 and <100 nm for ZnO 
(though DLS measurements in DDI water indicated presence of particle sizes greater than 
100 nm). Other particle characteristics such as surface area, percentage purity, 
mineralogy and refractive index were shown in table A.2.1 in the appendix. The 
Suwannee River Humic acid (SRHA), product number 1R101N, reverse osmosis isolates 
(NOM-ROI) was purchased from International Humic Substances Society (IHSS) and the 
total organic carbon obtained by the Total Organic Carbon Analyzer (Shimadzu TOC-V 
CPH) was 45-47% of the humic acid.  This value was comparable (though lower) to the 
certified value from IHSS of 52 %.All the four metal oxide nanoparticles were used as 
purchased. The following buffers were used as purchased without further purification: 2-
(4-morpholino) ethanesulfonic acid monohydrate (MES); piperazine-N, N’- bis (2-
ethanesulfonic acid) (PIPES); sodium acetate (NaAc) and Tris-base. The pH 
measurements were done with a ThermoOrion pH meter and Ross combination glass 
electrode and the pH papers, PANPEHA
® 
from Sigma-Aldrich, which gives pH values to 
±0.5 units.  High purity water, milli-Q water with resistivity >18 MΩ.cm was used 
throughout the study. The degree of particle aggregation and stability were measured by 
dynamic light scattering (DLS).  Both the Coulter N4 Plus and Brookhaven Instrument 
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Corporation (BIC) were used in this study and the parameter settings used are in table 
B.1.0 in the appendix. The zeta potential was measured by the Zeta PALS of the BIC. 
The scanning electron microscopy (SEM) images were obtained by Hitachi HD-2000 
S4800 from advanced materials research laboratory (AMRL). The Dawn heleos (Wyatt 
Technology Corporation) light scattering instrument from Environment Institute of 
Toxicology. The originPro 8.5.1 Student version was used for plotting data from Dawn 
heleos and extracting fractal dimensions. The optical density of particle suspensions was 
measured by the Shimadzu UV- Vis spectrophotometer (UV-250 IPC) using UV probe 
software. 
 
  
3.1.2 Methods 
3.1.2.1 Aggregation in distilled and dionized water (DDI) 
The suspensions of the four metal oxide nanoparticles at 200 mg/L metal oxide 
were prepared by weighing about 0.02 g of each metal oxide NPs into a beaker 
containing 100 mL of DDI water. Two types of suspensions for each metal oxide NPs 
were prepared. The first type was sonicated for 60 minutes using the Branson® 5510 
sonication bath.   The second type was not sonicated. These suspensions were then stored 
at room temperature of 69-73 
o
F (20.55 – 22.770C) under quiescent conditions in the 
dark.  The samples for the analysis of the size and zeta potential were initially taken at 2 
h and then at 6 h post preparation period. Thereafter the samples were taken every 24 h 
for a period of 5 days. The samples were analyzed immediately after sampling.  The pH 
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of the suspensions was measured every day for the whole investigation period. For DLS 
measurements, 2 or 3 drops of the sample were introduced into the cuvatte, diluted to 2 
mL and the measurements were taken for 5 minutes at 25
o
C .  A few selected samples 
were taken for scan electron microscopy imaging (SEM).  For these samples (electron 
microscopy imaging), 100µL of each sample was pipetted onto the mounting disk and 
was air dried for 24 h and was appropriately covered during drying to exclude any 
foreign material.  After drying the mounting disks were kept in Petri dishes and cooled in 
the desiccators and were ready for SEM analysis. 
 
 
3.1.2.2 Aggregation in FETAX solution 
FETAX solution was prepared as described in Prati et al., (2000) and for the 
constituents see table A.2.2 in the appendix.   The only variation was the recalculation of 
the amount of calcium sulphate from the anhydrous calcium sulphate (CaSO4) required as 
dihydrate calcium sulphate (CaSO4.2H2O) was not available. The ionic strength and pH 
were estimated as 0.02 M and 7.7 respectively using Visual Minteq soft ware. The 
constituents of FETAX culture medium were shown in table A.2.2 in the appendix. The 
suspensions of the four metal oxide NPs at 200 mg/L metal oxide were prepared by 
weighing about 0.02 g of each metal oxide NPs into a beaker containing 100 mL of 
FETAX solution. Two types of suspensions for each metal oxide NPs were prepared. The 
first type was sonicated for 60 minutes using the Branson® 5510 sonication bath.  The 
second type was not sonicated.   These metal oxides NPs suspensions were then stored at 
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room temperature of 69-73 
o
F (20.55 – 22.770C) under quiescent conditions in the dark. 
The samples for the analysis of the aggregate size and zeta potential were initially taken 
at 2 h and then at 6 h post preparation period. Thereafter the samples were taken every 24 
h for a period of 5 days. The pH of the suspensions was measured every day for the 
whole test period. For DLS measurements, 2 or 3 drops of the sample were introduced 
into the cuvatte, diluted to 2 mL and the measurements were taken for 5 minutes at 25
o
C.  
A few selected samples were taken for scan electron microscopy imaging (SEM).  For 
these samples (electron microscopy imaging), 100µL of each sample was pipetted onto 
the mounting disk and was air dried for 24 h and was appropriately covered during drying 
to exclude any foreign material.  After drying the mounting disks were kept in Petri 
dishes and cooled in the desiccators and were ready SEM analysis. Due to extensive 
aggregation of the nZnO and nCuO in FETAX solution, additional suspensions of these 
metal oxides were prepared as described above. These were kept under quiescent 
conditions in the dark and then their optical densities, size and morphology (SEM) were 
measured by taking the top supernatant solutions every 24 h for 5 days.  
 
 
3.1.2.3 Aggregation in natural organic matter (NOM) solutions  
The dissolved natural organic matter solutions were prepared by dissolving the 
Suwannee river humic acid as the natural organic matter in 0.02 M NaNO3 solution at a 
concentration of 50 mg C/L NOM. The suspensions of the four metal oxide NPs at 200 
mg/L metal oxide were prepared by weighing about 0.02 g of each metal oxide NPs into 
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a 400 mL beaker. Then appropriate volumes of 50 mg C/L NOM solutions were pippeted 
into the beaker containing the weighed NPs. These were then diluted to 100 mL with 0.02 
M NaNO3 solution for each metal oxide NPs to give the concentrations of 2.5, 10 and 
25.0 mg C/L NOM. The suspensions were made in two types for each metal oxide NPs. 
The first type was sonicated for 60 minutes using the Branson® 5510 sonication bath.  
The second type was not sonicated.   These metal oxides NPs suspensions were then 
stored at room temperature of 69-73 
o
F (20.55 – 22.770C) under quiescent conditions in 
the dark.  The samples for the analysis of the aggregate size and zeta potential were 
initially taken at 2 h and then at 6 h post preparation period.  Thereafter the samples were 
taken every 24 h for a period of 5 days. The pH of the suspensions was measured every 
day for the whole test period. For DLS measurements, 2 or 3 drops of the sample were 
introduced into the cuvatte, diluted to 2 mL and the measurements were taken for 5 
minutes at 25
o
C. 
  
 
3.1.2.4 Aggregation in Aqueous solutions of variable pH and ionic strength  
The suspensions used in this study were prepared in the sodium nitrate solution of 
different ionic strengths (0.01, 0.1 and 1.0 M) and at four different pH levels (pH 3.95, 
pH 5.18, pH 6.62 and pH 9.40).  For ionic strength of 0.01M NaNO3 solution, the 
following buffers were prepared: 
0.1M Acetic acid/sodium acetate (HAC/NaAC) pH = 3.95 in 0.01M sodium nitrate 
solution (NaNO3) 
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0.1M 2-(N-Morpholino) ethanesulfonic acid (MES) pH =5.18 in 0.01 sodium nitrate 
solution (NaNO3) 
0.1M Piperazine-N, N’-bis (2- ethanesulfonic acid) (PIPES) pH =6.62 in 0.01 sodium 
nitrate solution (NaNO3) 
0.1M Tris (hydroxymethyl) amino methane (Tris-base) pH =9.40 in 0.01 sodium nitrate 
solution (NaNO3) 
  After the preparation of the buffer solutions, the suspensions for each metal oxide 
NPs were made at 200 mg/L metal oxide by weighing about 0.02 g of each metal oxide 
NPs into a beaker containing 100 mL of appropriate buffer solution for each pH and in 
two types of suspensions for each metal oxide NPs. The first type was sonicated for 60 
minutes using the Branson® 5510 sonication bath.  The second type was not sonicated.   
These metal oxides NPs suspensions were then stored at room temperature of 69-73 
o
F 
(20.55 – 22.770C) under quiescent conditions in the dark. The samples for the analysis of 
the size and zeta potential were initially taken at 2 h and then at 6 h post preparation 
period. Thereafter the samples were taken every 24 h for a period of 5 days. The pH of 
the suspensions was measured every day for the whole test period.  For DLS 
measurements, 2 or 3 drops of the sample were introduced into the cuvatte, diluted to 2 
mL and the measurements were taken for 5 minutes at 25
o
C. The above procedure was 
repeated for the ionic strengths of 0.1 M and 1.0 M NaNO3  
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3.1.2.5 Determination of fractal dimensions (Df) 
3.1.2.5.1 Determination Df in various solution conditions 
  The suspensions of NPs of each metal oxide (CuO, Fe2O3, TiO2, ZnO) were 
prepared by introducing about 0.02g of each NPs in a beaker containing 100 mL of each 
test medium type such as DDI water, FETAX solution and solution with varying 
dissolved NOM content (2.5, 10, 25 mg C/L NOM). This resulted into suspensions of 200 
mg/L metal oxide for each metal oxide NPs for each test medium. Only sonicated 
suspensions were prepared for each metal oxide NPs in this part of the study. The 
suspensions were sonicated for 60 minutes using the Branson® 5510 sonication bath.  
These metal oxides NPs suspensions were then stored at room temperature of 69-73 
o
F 
(20.55 – 22.770C) under quiescent conditions in the dark awaiting sampling and analysis.  
Samples were taken for analysis 72 h post preparation period.  About 0.1 mL to 0.25 mL 
of sample was transferred into a 20 mL scintillation vial. This was then diluted with an 
appropriate solution (i.e. suspensions in FETAX were diluted with FETAX solution). 
Using the batch mode of the Dawn heleos (Wyatt Technology Corporation) light 
scattering instrument, the scattering of light at different angles was measured for each 
sample from which the fractal dimension was estimated.  
 
 
 
85 
 
3.1.2.5.2 Effect pH and NOM on Df using 5mg/L TiO2 nanoparticle loading  
The suspensions of TiO2 NPs were prepared at a concentration of 5 mg/L at 3 pH 
levels (4.50, 6.50, and 8.50).  For each pH, 3 levels of NOM concentrations were used 
(0.5, 2.5.0 and 5.0 mg C/L NOM).  Only sonicated suspensions were prepared for each 
pH and NOM concentration and buffer solutions were not used in this part of the study. 
The pH was adjusted by adding appropriate volumes of HCL or NaOH (<100µL).  The 
suspensions were sonicated for 60 minutes using the Branson® 5510 sonication bath.  
These metal oxides NPs suspensions were then stored at room temperature of 69-73 
o
F 
(20.55 – 22.770C) under quiescent conditions in the dark awaiting sampling and analysis.  
Samples were taken for analysis 72 h post preparation period.  About 0.1 mL to 0.25 mL 
of sample was transferred into a 20 mL scintillation vial. This was then diluted with an 
appropriate solution (i.e. suspensions in 0.5 mg C/L NOM were diluted with 0.5 mg C/L 
NOM solution at the appropriate pH). Using the batch mode of the Dawn heleos (Wyatt 
Technology Corporation) light scattering instrument, the scattering of light at different 
angles was measured for each sample from which the fractal dimension was estimated.  
 
 
3.1.2.5.3 Effect particle loading and NOM concentration on Df   
The suspensions of TiO2 NPs were prepared at 3 concentrations of particle 
loading of 5, 20 and 100 mg/L metal oxide and at 4 levels of NOM concentrations (2.5, 5, 
10, and 25 mg C/L) for each particle loading.  Only sonicated suspensions were prepared. 
These suspensions were sonicated for 60 minutes using the Branson® 5510 sonication 
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bath.  These metal oxides NPs suspensions were then stored at room temperature of 69-
73 
o
F (20.55 – 22.770C) under quiescent conditions in the dark awaiting sampling and 
analysis.  The pH of each suspension was measured.  The samples were taken for analysis 
at 72 h post preparation period.  About 0.1 mL to 0.25 mL of sample was transferred into 
a 20 mL scintillation vial.  This was then diluted with an appropriate solution (i.e. 
suspensions in 0.5 mg C/L NOM were diluted with 0.5 mg C/L NOM solution at the 
appropriate pH).  Using the batch mode of the Dawn heleos (Wyatt Technology 
Corporation) light scattering instrument, the scattering of light at different angles was 
measured for each sample from which fractal dimensions were estimated.  
 
 
3.1.2.5.4 Effects of ionic strength, particle loading and fluid stress on Df. 
The suspensions of TiO2 NPs were prepared at 3 concentrations of particle 
loading of 5, 20 and 100 mg/L metal oxide and at 4 levels of ionic strengths (0, 0.001, 
0.01, and 0.1 M NaNO3).  Only sonicated suspensions were prepared.  These suspensions 
were sonicated for 60 minutes using the Branson® 5510 sonication bath.  Each particle 
loading and at each ionic strength was subjected to each of the 4 fluid stress conditions 
of; quiescent; shaking at 40 rpm; tumbling and stirring. The pH of each suspension was 
measured.  The samples were taken for analysis at 72 h post preparation period.  About 
0.1 mL to 0.25 mL of sample was transferred into a 20 mL scintillation vial. This was 
then diluted with an appropriate solution (i.e. suspensions in DDI water were diluted with 
DDI water). Using the batch mode of the Dawn heleos (Wyatt Technology Corporation) 
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light scattering instrument, the scattering of light at different angles was measured for 
each sample from which fractal dimensions were estimated.  
 
 
3.1.2.6 Statistics 
In this aggregation study the results of the sonicated and non-sonicated for each 
metal oxide NPs suspensions were treated separately.  Triplicate measurements were 
obtained from the DLS instrument (three replicates) and the error bars indicated are the 
standard deviation of the three replicates.  One way ANOVA from Origin Pro8.6 student 
version software was used to identify significantly different aggregate sizes between and 
among metal oxide NPs.  
 
 
3.2 Results and discussion 
3.2.1 Aggregation in DDI water and FETAX solution 
The results of the aggregation of the metal oxide NPs in DDI water and FETAX 
solution were shown in figures 3.1 and 3.2. In the DDI water, all the metal oxide NPs in 
this study showed some level of aggregation. The highest aggregation was observed from 
ZnO NPs whose average aggregate sizes were outside the measurable range (2 nm to 
3000 nm).  Initially, the average aggregate particle sizes of ZnO NPs within 2 h of 
preparation were within measurable range (650 nm).  However, after 24 h the average 
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particle sizes went beyond the measurable range. This increase in the average particle 
size of ZnO NPs could probably be attributed to the increase in ionic strength due to 
increased dissolution of these NPs in DDI water (see chapter 2). We compared the extent 
to which the ZnO NPs aggregated in DDI water with that of CuO NPs by taking the SEM 
micrographs.  The results were shown in figure 3.3 (a). The SEM for ZnO NPs showed 
aggregates that appeared to have been fused together.  The SEM image for CuO NPs 
showed distinctly smaller, less aggregated particles. Though less aggregated, the CuO 
NPs for both the sonicated and non-sonicated increased to 190 nm and 210 nm 
respectively from 50 nm (initial primary particle size as advertized by the manufacturer) 
and remained fairly stable at these average sizes throughout the study period.  Since the 
solubility of CuO NPs in DDI was fairly low (as seen in chapter 2), the ionic strength of 
the suspensions probably remained relatively low and therefore did not appear to 
influence the aggregation of the CuO NPs. The pH of the CuO NPs suspensions in this 
study was measured as 6.30 and their zeta potential was positive and sufficiently high 
(averaged 27 mV) and probably explaining the observed relative stability of these NPs.  
The literature value for the PZC for CuO NPs ranges from 7.9 - 9.9 (Kosmulsiki, 2009). 
Therefore the positive zeta potential obtained in this study was consistent with the 
expectation that particles are positively charged below their PCZ (Illes and Tombacz, 
2006).  For TiO2 NPs in DDI water, the average aggregate particle sizes increased from 
50 nm (initial primary particle size as advertized by the manufacturer) to about 450 nm 
for the sonicated and remained fairly steady at this size for the entire study period. The 
average aggregate particle sizes of non-sonicated TiO2 NPs kept on increasing until it 
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reached about 650 nm after 120 h.  The pH of TiO2 NPs suspension was measured as 
5.93 and their zeta potentials were fairly low and sometimes fluctuated into negative 
values (figure 3.1 b).  The PCZ for the TiO2 NPs used in this study was measured as 6.50, 
but their literature values range from 4.8 – 7.5 (Fernandez-Nieves et al., 1998; 
Kosmulsiki, 2009).  For Fe2O3 NPs the average particle sizes increased from 50 nm 
(initial primary particle size as advertized by the manufacturer) to an average particle size 
of between 350 nm and 400 nm for both sonicated and non-sonicated NPs.  The pH of 
these Fe2O3 NPs in this study was measured as 6.23 and their zeta potential was positive 
and surprisingly too high (averaging 40 mV) despite these NPs undergoing higher 
aggregation for both the sonicated and nonsonicated Fe2O3NPs.  The literature values for 
PZC the Fe2O3 NPs in aqueous solution ranges from 7.5 - 9 (Pochard et al., 2002; 
Kosmulski, 2009; Christiano et al., 2011). The fact that Fe2O3NPs were observed to have 
positive and high zeta potential and still aggregated probably explains why zeta potential 
data could not be a reliable predictor of the NPs stability.  
In FETAX solution the aggregation pattern of the metal oxide NPs were 
dramatically different from that observed in DDI water. The metal oxide NPs displayed 
massive aggregation and only the sonicated NPs ofTiO2 and Fe2O3 were within 
measuring range. This massive aggregation could be attributed to a relatively high ionic 
strength (0.02 M) in FETAX solution.  For ZnO and CuO NPs, their aggregation in 
FETAX solution was so extensive that their average aggregate particle sizes were beyond 
the measurable range. In order to understand the extent of this aggregation for ZnO and 
CuO NPs in FETAX solution, we examined the aggregates under the SEM and the results 
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were shown in figure 3.3 (b). These results from SEM appeared to be in agreement with 
DLS measurements that indicated massive aggregation for both ZnO and CuO NPs in 
FETAX solution.  We further wanted to examine the extent of ZnO and CuO NPs’ 
stability, aggregation and sedimentation in FETAX solution. For this purpose, we used 
optical density, SEM images and DLs measurements of these NPs suspensions.  The new 
suspensions were prepared in FETAX solution as described in the method section and 
were allowed to stand under quiescent conditions. The samples for determining the 
optical density, average aggregate particle size and SEM were taken initially at 6 h post 
preparation period and thereafter every 24 h for 5 days. Only the top supernatant 
suspension for each metal oxide NPs was being sampled for these measurements.  The 
results for optical density were shown in figure 3.4 and for SEM were shown in the 
figures B.1 to B.3 in the appendix.  The changes (reduction) in the optical density were 
taken to be the indicator of NPs sedimentation. The results indicated that there was 
massive sedimentation for both ZnO and CuO NPs in FETAX solution.  The DLS 
measurements showed that the average particle sizes were large and outside the 
measuring range.  The SEM results showed that substantial amounts of aggregates were 
still in suspension despite massive aggregation.  Therefore, it was concluded that despite 
massive aggregation and sedimentation of these NPs, there were still some large 
aggregates that were suspended in the solution. This necessitated further investigation 
into the packing characteristics of the aggregates (see details under fractal dimensions). 
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Figure 3.1. Aggregation of metal oxide NPs and their ZP:  (a) CuO NPs in DDI (b) TiO2 
NPs in DDI. The error bars indicate the standard deviation of the three replicates. 
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Figure 3.2. Aggregation in of metal oxide NPs:  (a) Fe2O3 NPs in DDI, (b) Fe2O3 and 
TiO2 NPs in FETAX solution. The error bars indicate the standard deviation of the three 
replicates. 
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 Figure 3.3. SEM micrographs of ZnO and CuO NPs (a) in DDI water and (b) in FETAX 
solution  
ZnO CuO 
ZnO CuO 
94 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
ZnO
CuO
Stability of metal oxides in FETAX
14412096724824621441209672482462
O
p
tic
a
l d
e
n
si
ty
 (
A
U
)
Time (h)
 
Figure 3.4. Stability of metal oxide nanoparticles in FETAX solution. The error 
bars indicate the standard deviation of the three replicates. 
 
 
3.2.2 Effect of NOM on aggregation of metal oxide NPs 
The results of the aggregation patterns of metal oxide NPs in solutions of varying 
NOM content were shown in figures 3.5 to 3.8. The metal oxide NPs in the solutions of 
different NOM content still appeared aggregated. However, it was interesting to note that 
the presence of NOM in the suspensions of the metal oxide NPs showed a concentration 
related reduction in the average aggregate sizes.  For example, as shown in figure 3.5, the 
average aggregate particles sizes for the sonicated CuO NPs was reduced from 450 nm in 
2.5 mg C/L NOM solution to 300 nm and 250 nm in 10 mg C/L  and 25 mg C/L NOM 
solutions respectively. The non-sonicated CuO NPs were reduced from about 500 nm in 
2.5 mg C/L NOM solution to 320 nm and 300 nm in 10 mg C/L and 25 mg C/L NOM 
solutions respectively.   The zeta potential for both sonicated and non-sonicated CuO NPs 
suspensions in all the three NOM concentrations was negative and the magnitude (zeta 
potential) was increasing with NOM concentration. This observed reduction in the 
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aggregate sizes could be attributed partly to electrostatic repulsion of NOM carboxylic 
groups on the metal oxide NPs arising from the complex formation of metal oxide NPs 
with NOM via ligand exchange and partly to steric stabilization due to hydrophobic 
components of NOM molecules (Yang et al., 2009). The average aggregate particle size 
for suspensions in NOM compared to those in DDI water for CuO NPs are larger and this 
could in part be due to formation of an extra layers of NOM on to the metal oxide NPs 
(Baalousha et al., 2008) and also due to high ionic strength (0.01M NaNO3) in the NOM 
solution suspensions.  Figure 3.6 shows the aggregation pattern of ZnO NPs suspensions 
in solutions containing varying NOM content. These results clearly indicate that the 
average aggregate particle size of ZnO NPs for both sonicated and non-sonicated 
decreased with increase in NOM concentration. The average aggregate particle size for 
the sonicated ZnO NPs was reduced from 600 nm in 2.5 mg C/L NOM solution to 440 
nm and 360 nm in 10 mg C/L and 25 mg C/L NOM solutions respectively. While the 
non-sonicated ZnO NPs were reduced from about 630 nm in 2.5 mg C/L NOM solution 
to 450 nm and 420 nm in 10 mg C/L and 25 mg C/L NOM solutions respectively. It was 
however, interesting to note that the zeta potential for both sonicated and non-sonicated 
ZnO NPs was low and fluctuated between negative and positive values. In view of the 
low zeta potential, the observed relative aggregate stability could be attributed to the 
steric effects of NOM molecules rather than electrostatic interaction.  Given that the 
average aggregate sizes of ZnO NPs in DDI water were outside the measuring range, the 
relatively smaller aggregate sizes in NOM solution signify the ability of NOM 
disaggregating NPs.  For TiO2 NPs the effect of NOM on the aggregation pattern showed 
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strikingly significant differences in the average aggregate size between NOM 
concentrations as shown in figure 3.7. The average aggregate particle size for the 
sonicated TiO2 NPs was reduced from 1400 nm in 2.5 mg C/L NOM solution to 680 nm 
and 500 nm in 10 mg C/L and 25 mg C/L NOM solutions respectively. The zeta potential 
for sonicated TiO2 NPs was negative and its magnitude increased with increase in NOM 
concentration.  A similar trend was observed for the non-sonicated TiO2 NPs. However, 
the zeta potential for the non-sonicated TiO2 NPs had great fluctuations and this could be 
attributed to a higher degree of non-uniformity in surface site energies (Amal et al., 
1991).  The aggregation pattern of Fe2O3 NPs in solution of varying NOM contents was 
shown in figure 3.8. Similar trends observed for the other metal oxide NPs were also 
observed with Fe2O3 NPs where the average aggregate particle size decreased with 
increase in NOM concentration.  For example, the average aggregate particle size for the 
sonicated Fe2O3 NPs was reduced from 800 nm in 2.5 mg C/L NOM solution to 650 nm 
and 600 nm in 10 mg C/L and 25 mg C/L NOM solutions respectively. Similar changes 
also occurred for the non-sonicated Fe2O3 NPs. The zeta potential for both the sonicated 
and nonsonicated Fe2O3 NPs was negative and fairly large, though not consistent with the 
observed relatively large aggregate of these NPs.  
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Figure 3.5. Effect of NOM on metal oxide NPs aggregation and zeta potential: (a) 
sonicated CuO NPs, (b) non sonicated CuO NPs.  The error bars indicate the standard 
deviation of the three replicates. 
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Figure 3.6. Effect of NOM on metal oxide NPs aggregation and zeta potential: (a) 
sonicated ZnO NPs, (b) non sonicated ZnO NPs. The error bars indicate the standard 
deviation of the three replicates.  
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Figure 3.7. Effect of NOM on metal oxide NPs aggregation and zeta potential: (a) 
sonicated TiO2 NPs, (b) non sonicated TiO2 NPs. The error bars indicate the standard 
deviation of the three replicates. 
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Figure 3.8. Effect of NOM on metal oxide NPs aggregation and zeta potential: (a) 
sonicated Fe2O3 NPs, (b) non sonicated Fe2O3 NPs.  The error bars indicate the standard 
deviation of the three replicates. 
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3.2.3 Effect of pH and ionic strength on NPs aggregation 
In this part of our study we wanted to see how the combinations of ionic strength 
with pH affect NPs aggregation patterns. In the previous chapter (chapter 2) we saw that 
ZnO and CuO NPs can significantly dissolve in pH values of 3.95, 5.18, 6.62 and 3.95, 
5.18, 9.40 respectively. For the TiO2 and Fe2O3 NPs, we saw that their dissolution was 
not significant in all the pH levels considered in this study. The aggregation study was 
not performed for the metal oxides NPs in pH values where there was significant 
dissolution. The results for the effects of pH and ionic strength on the metal oxide NPs 
were shown in figure 3.9.  Interestingly, only the aggregation pattern of the sonicated 
ZnO NPs showed measurable average aggregate size at pH 9.40 at all the three ionic 
strengths considered (0.01, 0.1, and 1.0).  Despite being within the measurable range, 
these metal oxide NPs were massively aggregated with the average particle size outside 
the nano range. The zeta potential values were small and negative at all the three ionic 
strengths. This data suggest that pH can influence the aggregation of metal oxide NPs and 
depending on the charge density the aggregation could be enhanced or minimized. 
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Figure 3.9. Effect pH and ionic strength on metal oxide NPs aggregation: ZnO NPs at pH 
9.40 at various ionic strengths.  The error bars indicate the standard deviation of the three 
replicates. 
 
 
3.2.4 Fractal dimensions of metal oxide NPs aggregates 
In our continued effort to fully understand and characterize aggregates and 
aggregating systems, we decided to investigate the kinetics of aggregation through 
determination of the fractal dimensions (Dfs).  In this study, static laser light scattering 
was used to determine the Dfs. The Dawn heleos (Wyatt Technology Corporation) light 
scattering instrument was used to measure Raleigh ratio in terms of peak areas at each 
scattering angle. The peak area was taken to be proportional to the scattered light 
intensity.  All calculations including that of the scattering vector, q, were done using 
excel spread sheet. The graphs were plotted using Origin Pro8.6 student version. The 
scattering exponents (also called fractal dimensions) were obtained by taking the slopes 
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of the logarithms of peak areas versus the logarithms of the scattering vector. The table 
3.1 and figure 3.10 below show an example of the kind of calculations and graphs 
respectively for determination of Dfs. The full range of graphs for the estimation of Dfs 
in different solution conditions was shown in figures B.4 to B.10 in the appendix.  
 
 
Table 3.1. Illustration for the calculations of parameters for fractal dimension 
determination  
Area Angle  Q Log  Area Log Q 
2.47E-03 42.8 0.009275 -3.00292 -2.03269 
2.45E-03 51.5 0.011043 -3.08693 -1.9569 
2.40E-03 60.0 0.012710 -3.17613 -1.89587 
2.28E-03 69.3 0.014452 -3.29904 -1.84006 
1.91E-03 79.7 0.016288 -3.3782 -1.78813 
1.55E-03 90.0 0.017974 -3.47224 -1.74535 
1.22E-03 110.7 0.020911 -3.56767 -1.67963 
1.00E-03 121.2 0.022146 -3.57922 -1.65471 
Q is the scattering vector 
Log area is proportional to log intensity 
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Figure 3.10. Illustration of the Plot of log relative intensity vs. log 
scattering vector using an actual data set 
 
 
3.2.4.1 Fractal dimensions in DDI, FETAX solution and NOM solutions 
The results of the Dfs obtained in DDI water and FETAX solutions were shown in 
table 3.2 and the results of Dfs in NOM solutions were shown in figure 3.11 (and in table 
B.1 in the appendix).  The pH of metal oxide NPs were recorded at the time the samples 
were taken for determination of Dfs. As was seen in chapter 2, the introduction of metal 
oxide NPs in DDI water resulted in a change in pH. This change in pH could be attributed 
to consumption/ release of OH
-
/H
+
 during the hydrolysis of the metal oxide NPs and was 
characteristic of each metal oxide NPs.  In the FETAX solution the pH remained fairly 
stable, constant and similar for all the metal oxide NPs. This could probably be attributed 
to the bicarbonate which was probably acting as a buffer.  It was observed that the Dfs in 
DDI water for each metal oxide NPs were larger than the Dfs in the FETAX solution. 
These differences were attributed to relatively higher ionic strength in FETAX solution 
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(0.02 M) than DDI (≈0 M).  The high ionic strength in FETAX solution reduces the 
repulsive forces between particles leading to diffusion limited (fast) aggregation (Amal et 
al., 1990; 1991) and the resulting aggregates are less compact, larger and tenuous as 
evidenced by the smaller Dfs. In the DDI water, the interaction of NPs could be described 
as reaction limited (slow) and hence the aggregates formed were relatively more 
compact, smaller and possibly stronger as evidenced by the relatively larger Dfs observed 
(Amal et al., 1990; 1991).  In the determination of Dfs, a difference of 0.1 is considered 
significant as it translates into a doubling of complexity of the aggregate structure 
(Jelinek and Fernandez, 1998). When we compared the Dfs results of metal oxide NPs 
and the aggregation results of the same metal oxide NPs in DDI water and FETAX 
solution (independently determined), we observed a fairly good relationship between size 
of Dfs and extent of aggregation. For example, the average aggregate particle sizes of 
ZnO NPs in DDI water were large and outside the measuring range and its Df was 
smaller, while the average aggregate particle sizes for the other metal oxide (CuO, TiO2, 
Fe2O3) NPs were within measuring range and relatively stable and their Dfs were larger 
than that of ZnO NPs.   In FETAX solution, both the sonicated ZnO and CuO NPs 
showed greater aggregation and their average aggregate particles sizes were outside the 
measuring range. Their Dfs in FETAX solution were smaller than the Dfs for TiO2 and 
Fe2O3 NPs whose average aggregate sizes were within measuring range (figure 3.2).  
These results therefore suggest that there is a relationship between the aggregation 
kinetics (which are influenced by aqueous chemistry) and the space filling (Dfs) 
characteristics of metal oxide NPs aggregates formed in an aqueous solution. This 
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observation was consistent with the observations made by other researchers (Amal et al., 
1990; 1991; Guan et al., 1998; Selomulya et al., 2004). 
The Dfs of metal oxide NPs in solutions of varying NOM content showed NOM 
concentration based increase (figure 3.11).  For example, the Dfs of CuO NPs in 2.5 mg 
C/L, 10 mg C/L and 25 mg C/L NOM were 1.91 ±0.05, 2.11 ±0.06 and 2.17 ±0.08 
respectively (table B.1 in the appendix).  This trend of increase in Dfs as NOM 
concentration increased was observed for ZnO and TiO2 NPs.  However, for the Fe2O3 
NPs this trend deviated at 25 mg C/L where the Df was less than that for 10 mg C/L. The 
increase in Dfs with increase in the NOM concentration was attributed to an increase in 
the enhancement of NPs repulsive interaction which lead to reaction limited aggregation 
and hence larger Dfs. However, when the interaction of NOM with NPs leads to 
formation of bridging bonds, smaller Dfs may be obtained (Guan et al., 1998; Selomulya 
et al., 2004) and this was probably the case with Fe2O3 NPs.  Although, the formation of 
bridging bonds of metal oxide NPs with NOM could lead to small Dfs and larger 
aggregates, the aggregates formed under such conditions would still be stronger 
compared to the aggregates with similar Dfs from other systems that do not contain 
polyelectrolytes such as NOM (Selomulya et al., 2004). These results suggest that there is 
a relationship between aggregation kinetics (due to aqueous chemistry) and space filling 
(Dfs) characteristics of metal oxide NPs in aqueous solutions.  
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Table 3.2. Fractal dimensions of metal oxides NPs at 200 mg/L particle loading in DDI 
and FETAX solution (Df± standard deviation of three replicates)  
NP  Type DDI water pH FETAX  solution pH 
CuO 2.11±0.04 6.30 1.59± 0.06 7.82 
Fe2O3 2.09±0.06 6.23 1.60±0.04 7.81 
TiO2 2.0±0.10 5.93 1.65±0.06 7.78 
ZnO 1.53±0.05 7.33 1.49±0.04 7.93 
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Figure 3.11. Effects of NOM on Fractal dimensions of metal oxide NPs at 200 mg/L 
particle loading.  The error bars indicate the standard deviation of the three replicates. 
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3.2.4.2 Fractal dimensions of TiO2 NPs at different pH and NOM contents 
  In our earlier studies, we saw that the introduction of metal oxide NPs or NOM in 
aqueous medium resulted in pH changes. In this study we investigated the changes in the 
Dfs when both pH and NOM concentrations were fixed at some specific values.  
Therefore, for this study, we decided to use TiO2 NPs both sonicated and nonsonicated 
(due to low dissolution even under extreme pH values). The results of the Dfs obtained 
were shown in figure 3.12 (see more in table B.2 and figure B.11 in the appendix).  The 
particle loading used was 5 mg/L TiO2 NPs. These results showed that the values of the 
Dfs were dependent on both pH and NOM concentration. For example, at each pH the 
NOM concentration of 5.0 mg C/L had the highest Dfs and the NOM concentration of 0.5 
mg C/L had the lowest Dfs. There was clear trend (indication) that pH plays a greater role 
in the aggregation kinetics of metal oxide NPs. At any NOM concentration it was 
observed that the Dfs values were generally highest for pH 8.50 and were lowest at pH 
6.50 for both sonicated and nonsonicated TiO2 NPs. The larger Dfs values at each NOM 
concentration for pH 8.50 were attributed to the electrostatic repulsion of NOM coated 
NPs and this interaction promotes the reaction limited aggregation and hence the 
formation of more compact aggregates with larger Dfs. For pH 6.50, the lower Dfs could 
be attributed to the fact that at this pH (PCZ) the TiO2 NPs have the least charge density 
and therefore less stable and this led to enhancement of diffusion limited aggregation 
resulting into relatively large, loose aggregates with lower Dfs.  The intermediate Dfs at 
pH 4.50 could be attributed to the steric stabilization due to hydrophobic interaction 
between particles coated with NOM which is mild (relative to electrostatic repulsion). 
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Figure 3.12. Effects of pH and NOM at 5 mg/L TiO2 particle loading on fractal 
dimensions. The error bars indicate the standard deviation of the three replicates. 
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3.2.4.3 Fractal dimensions of TiO2 NPs at different particle  
loading and NOM content 
The influence of particle loading and NOM concentration on aggregation kinetics 
was investigated.  Three particle loading levels of 5.0, 20.0 and 100.0 mg/L TiO2 NPs 
and four NOM concentration levels of 2.5, 5.0, 10.0 and 25.0 mg C/L NOM were used. 
The results of this investigation were shown in figure 3.13 (more details in table B.3 in 
the appendix). Generally these results showed that the Dfs increased with increase in 
particle loading. The Dfs for 5 mg/L TiO2 NPs were lower than the Dfs for 20 mg/L TiO2 
NPs and the Dfs for 20 mg/L TiO2 NPs were lower than those for 100 mg/L TiO2 NPs. 
This trend was contrary to expectation, where Dfs were supposed to decrease with 
increase in particle loading (see section 3.2.4.4 below). At low particle loading there 
would be less collision frequency and hence low aggregation rate which should lead to 
higher Dfs (Amal et al., 1990). However, in this case we think that a number of factors 
contributed to the observed results. These included the presence of NOM which was 
dissolved in the background ionic strength 0.01M NaNO3 and the possible restructuring 
at higher particle loading. Interestingly, the results indicated that at the particle loading of 
5 mg/L and 20 mg/L TiO2 NPs the Dfs were increasing with increasing NOM 
concentration up to 10 mg C/L. But at 25 mg C/L NOM concentration, the Dfs at these 
particle loadings decreased. The decrease was larger for 5 mg/L than 20 mg/L TiO2 NPs. 
However, at 100 mg/L TiO2 NPs, the increase in Dfs was increasing as NOM 
concentration for the whole NOM range used in this study.  The observed decrease in Dfs 
at 25 mg C/L NOM concentration for low particle loading could be related to the TiO2 
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NPs to NOM concentration ratios. There could probably be NPs to NOM concentration 
ratio beyond which the trend of Dfs increase with NOM is reversed. Therefore this 
decrease could probably be explained in terms of the formation of bridge bonds between 
NPs and NOM as a result of large excess NOM in the system. This observation appear to 
be consistent to the observation by (Guan et al., 1998), where they found that the Dfs 
were decreasing with polymer concentration due to formation of bridge bonds. The 
formation of bridge bonds by NPs aggregates in the presence of increasing polymer 
concentration thereby reducing the Dfs was also described by other researchers such as 
Amal et al., (1991) and Selomulya et al., (2004).  The results of this study also showed 
that the Dfs were increasing with increase in NOM concentration at each particle loading.   
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Figure 3.13. The effects of NPs loading and NOM concentration on fractal 
dimension for nTiO2 suspension.  The error bars indicate the standard deviation of 
the three replicates. 
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3.2.4.4 Fractal dimensions of TiO2 at different ionic strength and fluid stress 
The agitation of the NPs suspensions has been known to affect the resultant 
aggregates. Therefore in this part of our study we decided to investigate the influence of 
fluid stress on the Dfs of aggregates. The four fluid stresses investigated were the 
quiescent (Q) conditions, shaking (Sh) at 40 rpm with a mechanical shaker, tumbling 
(Tu) and stirring (St) with a magnetic bar. The study was conducted at four ionic levels of 
0 (DDI), 0.001, 0.01 and 0.1 M NaNO3 and three particle loadings of 5, 20 and 100 mg/L 
TiO2 NPs. The results were shown in figure 3.14 (more details in table B.4 in the 
appendix).  The results for quiescent conditions indicated that Dfs were generally 
decreasing with increase in particle loading at any ionic strength. This was consistent 
with the aggregation kinetics, where the low particle density leads to slow aggregation 
resulting into compact aggregates and hence larger Dfs (Selomulya et al., 2004).  The Dfs 
under quiescent conditions at each particle loading decreased with increase in ionic 
strength.  For example at 5 mg /L particle loading for DDI, 0.001M, 0.01 M and 0.1 M 
media, the Dfs were 2.09 ± 0.05, 2.01 ± 0.05, 1.69 ± 0.02, 1.54 ± 0.05 respectively. A 
similar trend was observed for 20 mg/L and 100 mg/L particle loading for all the (four) 
media under quiescent conditions. These results could be attributed to the reduced inter-
particle repulsion as ionic strength increased leading to diffusion limited aggregation 
which resulted into larger aggregates with smaller Dfs (Amal et al., 1990; 1991).  In 
solutions of relatively high ionic strength the Dfs were observed to increase when there 
was an applied fluid stress. This was particularly the case for NPs suspensions in 0.01 
and 0.1 M ionic strengths. The Dfs under shaking, tumbling and stirring were much 
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higher than the Dfs in the same solutions but under quiescent conditions. The increase in 
Dfs for the solutions of 0.01 and 0.1 m ionic strength could be attributed to the 
restructuring of the initially loose and tenuous aggregates into smaller and more compact 
aggregates. Similar observations on restructuring of aggregates under applied fluid stress 
were found by Selomulya et al., (2004). The Dfs of relatively low or no ionic strength 
solutions (DDI and 0.001M) either marginally increased or decreased.  We think that 
agitating systems with low ionic strength increases the relative frequency of collisions 
and but not attachment efficiency, resulting into sufficiently large aggregates, which due 
to relatively stronger bonds do not restructure very much and hence the observed small 
changes in the Dfs.  The results generally indicated that the introduction of fluid stress in 
NPs suspension of any ionic strength would results into changed aggregation kinetics and 
aggregate space filling characteristics.  
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Figure 3.14. The effects of ionic strength, particle loading and fluid stress on 
fractal dimension for TiO2 NPs suspensions.  The error bars indicate the standard 
deviation of the three replicates. 
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3.3 Conclusions 
The aggregation patterns in any given aqueous solution varied among metal oxide 
NPs and each metal oxide NPs has different aggregation patterns among different 
aqueous solutions. In DDI water, while the aggregation of CuO, Fe2O3 and TiO2 NPs 
would be described as mild and remained fairly stable for the whole study period, the 
aggregation pattern of ZnO NPs was quite massive. The high dissolution of ZnO NPs in 
DDI water could possibly have led to the increase in ionic strength which in turn partly 
led to the higher observed aggregation.  In FETAX solution, all metal oxide NPs 
exhibited high aggregation presumably due to higher ionic strength. The aggregation was 
however, more pronounced for ZnO and CuO NPs than it was for Fe2O3 and TiO2 NPs. 
Despite the massive aggregation and sedimentation of ZnO and CuO NPs in FETAX 
solution, it was also observed that substantial amounts of these aggregates still remained 
in suspension. The presence and the content of NOM in aqueous solution was observed to 
minimize aggregation, thus the larger the NOM content the smaller the aggregate particle 
sizes of the metal oxide NPs. In solutions of varying pH and ionic strength, the metal 
oxide NPs showed massive aggregation.  
The estimated fractal dimensions of the metal oxide NPs aggregates in various 
solutions showed a fairly good inverse relationship between the magnitude of the fractal 
dimension and the extent of aggregation. The higher the aggregation the lower was the 
fractal dimensions and conversely the less extensive the aggregation the larger was the 
fractal dimensions. In the presence of NOM, the fractal dimensions were increasing with 
NOM. However, for some metal oxide NPs, the increase in NOM concentration to metal 
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oxide NPs ratio eventually led to a decrease in the fractal dimensions. This was observed 
for TiO2 NPs at particle loading of 5 mg/L and 20 mg/L particle loading with 25 mg C/L 
NOM concentration and also for Fe2O3 NPs at 200 mg/L particle loading with 25 mg C/L 
NOM concentration.  The fractal dimensions were also observed to decrease with 
increase in the particle loading. The introduction of fluid stress was observed to 
fundamentally change the fractal dimensions of metal oxide NPs. This change was much 
more pronounced in the solutions of high ionic strength, where larger fractal dimensions 
were obtained presumably due to restructuring. Thus aqueous chemistry has great 
influence on the aggregation kinetics of metal oxide NPs and hence can affect the 
resultant fractal dimensions of aggregates. 
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CHAPTER 4.  THE pH DEPENDENCE OF NATURAL ORGANIC MATTER 
 SORPTION TO NPs, ITS FRACTIONATION UPON SORPTION TO NPs  
AND ITS ABILITY TO STABILIZE PARTICLES IN AQUEOUS SOLUTION 
 
Abstract  
Natural organic matter (NOM) is ubiquitous in the aquatic environment and it 
plays a great role through its interactions affecting transport of various chemicals and in 
nutrient cycling. NOM is involved in a number of processes responsible for 
complexation, reduction, mobilization or immobilization of toxicants and hence in 
modulating bioavailability. However, different NOM size fractions, depending on their 
molecular size and behavior in different environmental conditions may enhance or 
mitigate toxicity. In fact, several studies have demonstrated that natural organic matter 
(NOM) can reduce toxicity of most toxic chemicals through sorption /complexation 
processes. Furthermore, there is evidence that the sorption of NOM on to the 
nanoparticles (NPs) can lead to particle dispersion and hence lessening the effect of 
particle aggregation. Understanding the NOM-NP interaction and NOM size fractionation 
upon sorption may help improve our predictive capababilities on the behavior of NOM 
and NMs in the environment.  In this study, the NOM-NPs interactions were investigated 
by examining the particle dispersion of NOM on both sonicated and non-sonicated 
titanium dioxide (TiO2) NPs at different pH values and also the sorption of NOM to TiO2 
NPs at the same pH values was examined.  The study further examined the fractionation 
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of NOM upon sorption to TiO2 NPs. The study specifically examined the influence of 
pH, ionic strength and NOM concentration on the extent of fractionation at a constant 
sorbent concentration (TiO2). The dynamic light scattering (DLS) technique was used to 
characterize the NPs aggregates. The PALS Zeta potential analyzer was used to estimate 
surface charge.  The total organic carbon was measured by the Total Organic Carbon 
Analyzer- Shimadzu (TOC-VCPH).  High performance size exclusion chromatography 
(HPSEC) was used to study the changes in the molecular sizes of NOM.  Corroborative 
evidence on NOM fractionation upon sorption to TiO2 NPs was obtained from optical 
techniques such as absorbance and fluorescence spectrophotometry.  
  The sorption and particle stability data indicated that the particle stability by 
NOM is pH dependent and was more pronounced at higher pH, but least at pH values 
close to the point of zero charge (PZC) for the TiO2 NPs. The ability of NOM to stabilize 
non-sonicated NPs was found to be mild.  As expected, the sorption results showed that 
the least amount of NOM was sorbed at higher pH, despite the observation that the 
highest stability occurred at higher pH.   The fractionation results indicated that 
fractionation of NOM occurs upon sorption to TiO2 NPs irrespective of NOM 
concentration.  However, at any NOM concentration, the greatest fractionation was 
observed at lower pH and at higher ionic strength. Fractionation decreased with 
increasing pH and decreasing ionic strength over the range of 7.5 mg C/L to 15 mg C/L 
NOM concentration used in this study. Both absorbance and fluorescence 
spectrophotometry data gave credible corroborative evidence on the extent of 
fractionation with respect to pH, ionic strength and NOM concentration. 
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4.0 Introduction 
Natural organic matter (NOM) is ubiquitous in natural environments and is 
composed of a complex mixture of compounds with a particle size continuum that can be 
operationally separated into particulate, colloidal, and dissolved fractions (Koopal et al., 
2005).  The dissolved component of NOM is predominantly humic substances (humic 
and fulvic acids) (Patel-Sorrentino et al., 2004; Koopal et al., 2005; Zhou et al., 2005; 
Baalousha et al., 2008) with typical concentrations ranging from 0.1 to 200 mg/L 
dissolved organic carbon (Zhou et al., 2005).  Consistent with its complexity, which 
arises from its polydispersity (i.e., different organic compounds), NOM is polyfunctional 
(many coordinated sites of differing nature present on the same molecule) and has 
various pKa values and charge densities, and can therefore undergo different 
conformations (Gu et al., 1996). These characteristics of NOM define a broad range of 
interactions affecting fate and transport of many toxic organic or inorganic chemicals and 
in nutrient cycling throughout the environment (Chen et al., 2003).  
 
Several studies have shown that humic substances can form surface coatings or 
sorb to NPs surfaces in aqueous solutions (Amal et al., 1991; Baalousha et al., 2008; 
Yang et al., 2009; Keller et al., 2010).  Such surface coating of NPs or particle 
encapsulation by NOM presumably affect aggregation behavior, resulting in reduced 
aggregation through a number of mechanisms such as anion exchange (electrostatic 
interaction), ligand exchange, hydrophobic interaction, entropic effect, hydrogen 
bonding, and cation bridging (Baalousha et al., 2008; Yang et al., 2009).  However, other 
studies have also shown that any concentration of NOM in aqueous solution at or below 
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the critical coagulation concentration (CCC) will enhance aggregation presumably 
through charge neutralization and bridging mechanisms (Stumm and Morgan, 1981; Illes 
and Tombacz 2006; Keller et al., 2010).  This interaction of NOM with NPs has 
interesting toxicological implications as it can influence particularly the chemistry (fate, 
transport and bioavailability) and physics (optical properties) of nanoparticles as both 
have influence on the NPs behavior and toxicity in aqueous environment (Stedmon et al., 
2003).  When the interaction of NOM-NPs results in enhanced aggregation, 
sedimentation could occur (Scown et al., 2010; Keller et al., 2010).  This would 
inevitably lead to reduced exposure and diminished effects on water column (pelagic) 
organisms, but potentially with increased effects on the benthic organisms (Scown et al., 
2010).  However, when NOM-NPs interaction results in particle dispersion (Yang et al., 
2009), there could be prolonged exposure of water column organisms and possibly 
increased transportation of the NPs over long distances (Baalousha et al., 2008; Scown et 
al., 2010).  Whether this would eventually result into increased negative effects may 
probably depend on the nature and strength of complexation between NOM and NPs and 
on the environmental conditions (presence of adsorbates with higher adsorption affinity 
in guts of organisms).   
  The interaction of NOM with NPs has received some considerable attention by 
several researchers (Amal et al., 1991; Diegoli et al., 2008; Yang et al., 2009; Zhang et 
al., 2009; Keller et al., 2010; Zhou and Keller, 2010; Wang et al., 2011).  Recent studies 
indicate that the behavior of heterogeneous bulk NOM cannot represent the functional 
roles of the subfractions of NOM, which presumably vary greatly in chemical and 
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structural properties and thus in reactivities in the environment (Gu et al., 1996; Chen et 
al., 2003).  Furthermore, several studies have shown that there is fractionation of NOM 
upon sorption to surfaces (Zsolnay et al., 1999; Chen et al., 2003; Troyer et al., 2011).  
There have been some observations that larger size NOM fractions, operationally defined 
as hydrophobic constituents are preferentially more adsorbed probably due to higher 
adsorption affinity and capacity than the smaller sized hydrophilic components (Gu et al., 
1996; McCarthy et al., 1996).  Other studies have suggested that different size fractions 
of NOM have different influences on toxicity of NPs after complexation (Li et al., 2011; 
Wang et al., 2011).  For example, Wang et al. (2010) observed that the larger fractions (> 
1000 Daltons) of dissolved NOM mitigated NPs toxicity, while the smaller fractions 
(<1000 Daltons) enhanced toxicity in this particular study. The existence of different 
characteristics (properties) due to NOM size sub fractions within the bulk dissolved 
NOM has been demonstrated by both absorbance spectroscopy (Chin et al., 1994; Kitis et 
al., 2004; Swietlik and Sikorska, 2005; Wong et al., 2007) and fluorescence spectroscopy 
(McKnight et al., 2001; Chen et al., 2003; Stedmon et al., 2003; Hudson et al., 2007).  
The interaction of NOM with NPs has been reported to be influenced by several 
environmental factors such as pH, ionic strength and divalent metal cations (McKnight et 
al., 2001; Chen et al., 2003; Swietlik and Sikorska, 2005).  In fresh waters with moderate 
pH and relatively low ionic strength, NOM molecules assume extended shapes 
(structurally relaxation) as a result of intramolecular electrostatic repulsive interaction 
(O’Melia, 1990; Stumm and Morgan, 1996).  However, in low pH environments the 
NOM molecules coil (aggregation) hiding the fluorophore, while in high pH 
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environments, their molecules extends (relaxation) exposing the fluorophore resulting in 
decreased and increased fluorescence respectively (Hudson et al., 2007).  The presence of 
divalent metal ions can lead to formation of complexes resulting in fluorescence 
quenching (Swietlik and Sikorska, 2005; Hudson et al., 2007).  The high ionic strength 
conditions are presumed to cause charge screening on the dissolved NOM and hence 
leading to reduced fluorescence emission (Chen et al., 2003). Given the important role 
dissolved NOM plays in the natural environment, it is imperative to have complete 
understanding of the NOM- NP interaction as this could help improve our predictive 
capababilities on the behavior of NOM and nanomaterials in the environment.  
In this study, the NOM-NPs interactions were investigated by examining the 
particle stability of NOM on both sonicated and non-sonicated TiO2 NPs (due to low 
dissolution) at different pH values and also the sorption of NOM to TiO2 NPs at the same 
pH values were examined.  The study further examined the fractionation of NOM upon 
sorption to TiO2 NPs.  The study specifically examined the influence of pH, ionic 
strength and NOM concentration on the extent of fractionation at a constant sorbent 
concentration (TiO2).  The dynamic laser light scattering (DLS) technique was used to 
characterize the NPs aggregates.  The PALS Zeta potential analyzer was used to estimate 
surface charge.  The total organic carbon was measured by the Total Organic Carbon 
Analyzer- Shimadzu (TOC-VCPH).  High performance size exclusion chromatography 
(HPSEC) was used to study the changes in the average molecular sizes of NOM. Both 
absorbance and fluorescence spectrophotometry techniques were employed to help in the 
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corroboration of the HPSEC technique on the extent of fractionation with respect to pH, 
ionic strength and NOM concentration.   
 
 
4.1 Materials and methods 
4.1.1 Materials 
Titanium dioxide NPs used in this study were P25 (< 50 nm) purchased from 
Degussa Corporation. The Suwannee River Humic Acid (SRHA), reverse osmosis isolate 
(NOM-ROI) was purchased from International Humic Substances Society (IHSS).  The 
following buffers were used as purchased without further purification: 2-(4-morpholino) 
ethanesulfonic acid monohydrate (MES); piperazine-N, N’- bis (2-ethanesulfonic acid) 
(PIPES); sodium acetate (NaAc); Tris-base.  The pH measurements were carried out 
using a ThermoOrion pH meter and Ross combination glass electrode. The Autotitrator 
836 titrando connected with pH meter - Ω metrohm was used for determining PZC for 
TiO2 NPs.  The METLER TOLEDO balance, Xs 205 dual range; max 81/220 g capable 
of measuring weight down to 0.01 mg was used to weigh NPs.  Surface Analyzer 
micromeritics 2010, was used to determine surface area using BET technique. High 
purity water, milli-Q water with resistivity >18 MΩ.cm was used throughout the 
experimental work.  The degree of particle aggregation and dispersion were measured by 
dynamic light scattering (DLS) technique using both the Coulter N4 Plus and 
Brookhaven Instrument Corporation (BIC).  The zeta potential was measured by the Zeta 
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PALS of the BIC.  The amber colored 125 mL bottles with Teflon lined caps were used 
for sorption and fractionation studies (preliminary experiments showed no significant 
adsorption of NOM to these bottles).  The separation of particles and NOM was carried 
out with both the 50 nm pore size polycarbonate filters and the Ultra centrifuge 
SORVALL EVOLUTION RC S/N 10300582.  The TOC analysis was measured by 
Carbon Analyzer - Shimadzu (TOC –VCPH).  The molecular weight size fractions were 
measured by the high performance size exclusion chromatography (HPSEC) using YMC- 
Pack Diol -120, 300 x 8.0 mm ID, S-5µm, 12 mm column. The fluorescence 
measurements and the absorption measurements were measured by the photon 
technology international fluorometer and Shimadzu UV- Vis spectrophotometer (UV-250 
IPC) respectively. 
 
 
4.1.2 Methods  
The interactions of NOM with NPs at different pH values was carried out using 
TiO2 NPs because of its low dissolution over a wide range of pH.  The first part involved 
determining the point of zero charge (PCZ) for TiO2 NPs.  Then we examined the ability 
of dissolved NOM to disperse TiO2 NPs at three different pH values (PCZ and two other 
pH values were selected by taking two pH points below and above the PCZ).  This study 
was carried out using both sonicated and non-sonicated TiO2 NPs at 5 mg/L particle 
loading and at three levels of dissolved NOM concentration (0.5, 2.5 and 5 mg C/L 
NOM).  For the sorption study, the buffer solutions were not used because the analyte of 
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interest, the total organic carbon is also found in these buffers.  The particle loading that 
was used in the sorption study was 300 mg/L.  For the fractionation study of NOM, the 
particle loading was increased to about 400 mg/L in order to have enough mass of the 
sorbent (TiO2).  The influence of pH, ionic strength and NOM concentration on 
fractionation of NOM upon sorption were investigated and therefore the three levels of 
pH (4.5, 6.5 and 8.5), ionic strengths (0.01, 0.1 and 0.5M) and NOM concentration (7.5, 
10 and 15 mg C/L) were used for this purpose.  The dispersion and sorption studies were 
carried out as indicated in the experimental design in figure 4.1.  The NOM fractionation 
study was carried out as shown in figure 4.2. 
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Figure 4.1: Experimental designs for dispersion and sorption studies 
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Figure 4.2: Experimental design for the NOM fractionation study 
 
 
4.1.2.1 The Determination of the Point of Zero Charge for TiO2 NPs 
The suspension of TiO2 NPs at 4.0 g/L was prepared in 0.01 M NaNO3 solution as 
a background electrolyte.  The suspension was purged with argon gas with constant 
stirring to drive out all the carbon dioxide (CO2) gas.  This was performed for about 45 to 
50 minutes.  The pH was then lowered using 0.1M HCl. Then the suspension was titrated 
with 0.1 M NaOH solution at 0.01 mL aliquot. Subsequent addition of further aliquots 
was continued after the electrode stability reading was 0.5 mV/minute.  This procedure 
was repeated and the second run was carried out much more slowly by reducing the 
electrode stability reading to less 0.1 mV/minute before each subsequent aliquot was 
added.  
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4.1.2.2 Experimental Method for Particle Stability 
4.1.2.2.1 The Sonicated TiO2 Nanoparticles 
The stock suspension of TiO2 NPs at 100 mg/L in 0.01M solution of sodium 
nitrate (NaNO3) was prepared and sonicated for 60 minutes using the Branson® 5510 
sonication bath.  These metal oxides NPs suspensions were then stored at room 
temperature of 69-73 
o
F (20.55 – 22.770C) under quiescent conditions in the dark.. Prior 
to preparation of the test suspensions, the stock suspension was sonicated using the 
Branson® 5510 sonication bath for 10 minutes to homogenize the suspension and as well 
as to break any aggregates that may have formed.  The test suspensions were prepared by 
pipetting appropriate volumes of the stock suspension of TiO2 NPs and 50 mg C/L NOM 
stock solution into 400 mL beakers and then diluting to 100 mL with each buffer to give 
the following concentrations:  5 mg/L particle loading at 0.5, 2.5 and 5.0 mg C/L NOM . 
The following buffers in 0.01M NaNO3 solution were used: 0.1M acetate, pH 4.50; 0.1M 
PIPES, pH 6.50; Tris–base, pH 8.50.  For each pH (buffer solution) there was a control 
suspension that contained everything that each test suspensions contained except NOM. 
The purpose of the control suspensions was to check the influence of buffer solutions on 
particle dispersion or aggregation.  Once prepared, the test suspensions were kept under 
quiescent conditions in the dark.  The samples for the DLS and zeta potential 
measurements were taken every 24 h for 5 days (for 24, 48, 72, 96 and 120 h post 
preparation). 
 
 
132 
 
4.1.2.2.2 The Nonsonicated TiO2 Nanoparticles 
The test suspensions were made by weighing 0.5 mg of TiO2 NPs using a microbalance, 
the METLER TOLEDO, Xs 205 dual range 81/220 g that can weigh masses down to 0.01 
mg.  The weighed TiO2 NPs were each introduced into 20 mL of 0.01M NaNO3 solution 
in a 400 mL beaker. Each resulting suspension was allowed to stand for 24 h at room 
temperature of 69-73 
o
F (20.55 – 22.770C) under quiescent conditions in the dark.  Then 
to each suspension was added an appropriate volume of 50 mg C/L NOM stock solution 
and then diluted to 100 mL with appropriate buffer solution to give the following:   5 
mg/L particle loading at 0.5, 2.5 and 5.0 mg C/L NOM . The following buffers in 0.01M 
NaNO3 solution were used:  0.1M acetate, pH 4.50; 0.1M PIPES, pH 6.50; Tris–base, pH 
8.50.  For each pH (buffer solution) there was a control suspension that contained 
everything that each test suspensions contained except NOM.  The purpose of the control 
suspensions was to check the influence of buffer solutions on particle dispersion or 
aggregation.  Once prepared, the test suspensions were kept at room temperature of 69-73 
o
F (20.55 – 22.770C) under quiescent conditions in the dark.  The samples for the DLS 
and zeta potential measurements were taken every 24 h for 5 days (for 24, 48, 72, 96 and 
120 h post preparation). 
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4.1.2.3 Experimental Method for NOM Sorption to TiO2 NPs 
This study was carried out at a constant room temperature of 24 ±1
o
C (75.7 
o
F) in 
batch reactors. The study examined NOM sorption to TiO2 NPs at 3 pH values of 4.50, 
6.50 and 8.50 and at a constant ionic strength of 0.01M of NaNO3 solution.  A series of 7 
sets of TiO2 NPs of about 0.03 g each were weighed and each introduced into 20 mL of 
0.01M NaNO3 solution in a 400 mL beaker for each pH studied.  Then each suspension 
was sonicated for 30 minutes and kept under quiescent conditions for overnight.  Then 
appropriate volumes of NOM stock solution of 50 mg C/L (NOM dissolved in 0.01M 
NaNO3) were pipetted and introduced into the suspensions and diluted to 100 mL using 
0.01M NaNO3 solution to yield a range of concentrations from about 2 mg C/L (5 mg/L 
NOM) to 32 mg C/L (80 mg/L NOM) see table C.1 in the appendices.  The pH of interest 
was achieved by additions of appropriate volumes of HCl or NaOH (< 100µL) with 
stirring with a magnetic bar. During addition of HCL or NaOH care was taken to avoid 
inclusion of CO2 by covering the beakers with parafilm.  Once the desired pH was 
achieved and remained constant for over 24 h, the contents of each beaker was 
transferred into the 150 mL amber colored bottles and sealed with Teflon lined caps and 
were ready for tumbling.  
For the determination of initial concentration of dissolved NOM in mg C/L, a 
parallel 7 sets of solutions were carefully prepared by pipetting appropriate volumes of 
NOM stock solution of 50 mg C/L dissolved in 0.01M NaNO3 into 400 mL beakers and 
diluting to 100 mL to yield a range of concentrations from about 2 mg C/L (5 mg/L 
NOM) to 32 mg C/L (80 mg/L NOM) (same concentrations as the ones with NPs) see 
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table C.1 in the appendices.  The pH of interest was achieved by additions of appropriate 
volumes of HCL or NaOH solutions.  Once the desired pH was achieved and was 
constant for over 24 h, a sample of 12 mL for each solution was taken for the 
measurement of total organic carbon. Then, the contents of each beaker were transferred 
into the 150 mL amber colored bottles and sealed with Teflon lined caps and were ready 
for tumbling.  A blank solution for each pH was included which contained only 0.01M 
NaNO3 solution. Then both the bottles containing suspensions and the solutions were 
tumbled for 120 h (preliminary tests indicated that equilibrium is reached after 72 h).  
After tumbling, the pH of both the suspensions and the solutions were measured.  Then 
the suspensions of each sample (bottle) were divided into two portions, one portion was 
filtered through a 50 nm polycarbonate membrane filter and the other was centrifuged 
using Ultra centrifuge SORVALL EVOLUTION RC S/N 10300582 at 20500 rpm for 2 h 
and then both portions were analyzed for the total organic carbon and the results were 
compared for agreement.  Prior to the filtration of the samples, the 50 nm pore size 
polycarbonate filter membrane was thoroughly washed with Milli-Q water and then about 
3 mL of the suspension was passed through the membrane to ensure that any possible 
sorbing surfaces were saturated.  Once this was done, a well washed and dried vacuum 
flask was used for the filtration and collection of the filtrate.  
The solution of each sample (samples without particles) was divided into 3 
portions. The first portion was filtered just as described for the suspension. The second 
portion was centrifuged just as described above, while the third portion was used directly 
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and all these portions were analyzed for total organic carbon and the results were 
compared for agreement.  
 
 
4.1.2.4 Experimental Method for NOM fraction and Molecular Weight 
Determination 
 
This study was carried out at constant room temperature of 24 ±1
o
C (75.7 
o
F) in 
batch reactors in the dark.  The study examined the effects of pH, ionic strength and 
NOM concentration on the fractionation of NOM upon sorption to TiO2 NPs.  As shown 
in figure 4.2, three levels of each factor were examined.  For each pH (4.50, 6.50, and 
8.50) approximately 0.04g of TiO2 NPs were weighed for each ionic strength (0.01, 01 
and 0.5 M) and at each NOM concentration (7.5, 10 and 15 mg C/L NOM) as shown in 
tables C.5 to C.7 in the appendices. Then each weight weighed out was introduced into 
20 mL NaNO3 of appropriate ionic strength in 400 mL beakers and were sonicated for 30 
minutes and then were kept under quiescent conditions for 24 h. Then appropriate 
volumes of 50 mg C/L NOM stock solutions dissolved in an appropriate ionic strength 
(0.01, 0.1 and 0.5 M NaNO3) were pipetted into the 400 mL beakers containing weighed 
TiO2 NPs and were diluted to 100 mL to yield nominal concentrations of 7.5, 10 and 15 
mg C/L NOM for each ionic strength (for sample details see tables C.5 to C.7 in the 
appendices).  The desired pH was achieved by additions of appropriate volumes of HCl 
or NaOH (< 100µL) with stirring with a magnetic bar.  During the addition of HCL or 
NaOH, care was taken to avoid inclusion of CO2 by covering the beakers with parafilm.  
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Once the desired pH was achieved and remained constant for over 24 h, the contents of 
each beaker were transferred into the 150 mL amber colored bottles and sealed with 
Teflon lined caps ready for tumbling. For the determination of initial molecular weights 
of dissolved NOM before sorption, parallel and carefully prepared sets of solutions with 
appropriate ionic strength and NOM concentrations were made by pipetting the 
appropriate volumes of NOM stock solutions of 50 mg C/L NOM dissolved in 
appropriate ionic strength (0.01, 0.1 and 0.5 M NaNO3) and introduced into 400 mL 
beakers without NPs and diluted to volume to yield the nominal concentrations of 7.5, 10 
and 15 mg C/L for each ionic strength (for sample details see tables C.5 to C.7 in the 
appendices).   The desired pH (4.50, 6.50 and 8.50) was achieved by additions of the 
appropriate volumes of HCl or NaOH (< 100µL) with stirring with a magnetic bar.  
During the addition of HCL or NaOH, care was taken to avoid inclusion of CO2 by 
covering the beakers with parafilm.  Once the desired pH was achieved and remained 
constant for over 24 h, 25 mL sample for each solution was taken for molecular weight 
(using HPSEC), TOC (using Total Organic Analyzer- Shimadzu), optical (Shimadzu UV-
Vis spectrophotometer) and fluorescence measurements ( using Photon Technology 
International Fluorometer).  Then the remaining solution of each beaker was transferred 
into the 150 mL amber colored bottles and sealed with Teflon lined caps ready for 
tumbling.  Then both suspensions and solutions in bottles were tumbled for 120 h.  At the 
end of the tumbling period, the pH was measured again. 
The solution of each sample was split into two.  One portion was filtered using the 
50 nm pore size polycarbonate membrane and the other portion was taken for 
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measurements directly without filtration. For the suspensions, each sample was filtered 
using the 50 nm pore size polycarbonate membrane.  Prior to the filtration of the samples, 
the polycarbonate filter membrane was thoroughly washed with milli-Q water and then 
about 3 mL of the sample to be filtered was passed through the membrane to ensure that 
any possible sorbing surfaces were saturated. Once this was done, a well washed and 
dried vacuum flask was used for the collection of the filtrate. The results of the TOC 
measurements were used to work out the right dilution for each sample for the 
fluorescence measurements so that all the samples had the same concentrations of organic 
(mg C/L) to reduce the inner filter effects (see details later under discussion for 
fluorescence section).  For pH 8.50, the filtration procedure of the samples for HPSEC 
was followed by pH adjustment to below pH 8.0 in order to avoid the degradation of the 
silica column.  
 
 
4.1.2.5 Statistics 
The one way ANOVA with Tukey’s pair wise comparisons of means from Origin Pro 8.6 
software was used to identify the significant differences between means. The means 
(each calculated from three replicates) at each pH for three levels of NOM and the means 
(each calculated from three replicates) at each NOM at three levels of pH were examined 
for significant difference using this software both stability study. The one way ANOVA 
was used for both the stability and the fractionation studies. For the absorbance 
measurements, the sample paired t-tests for the means from Origin pro8.6 software was 
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used to identify whether the SUVA280 means (each calculated from three replicates) 
before and after sorption were really different at 95 % confidence level.  
 
 
4.2 Results and discussion 
4.2.1 Point of zero charge (PCZ) for TiO2 NPs 
The results for the point of zero charge for the TiO2 NPs are shown in figure 4.3.  
The PCZ for the TiO2 NPs in this study was found as 6.50.  In literature the values for 
PCZ for TiO2 NPs range from 4.20 to 7.5 (Fernandez-Nieves et al., 1998; Kosmulsiki, 
2009).  However, the PCZ for the metal oxide NPs can vary based on several factors such 
as chemical modification, surface modification, particle size and particle transformation 
(Hotze et al., 2010, Lin et al., 2010). In this study we needed a very specific value for our 
NPs as this was needed as an input in the next part of our study. The analysis was carried 
out using two runs. The first run was quick and was meant to be a guide for the second 
run whose value was used for the next part of our study.  
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Figure 4.3. The pH of point of zero charge for TiO2 nanoparticles 
 
 
4.2.1 NOM Stability of both sonicated and non-sonicated TiO2 NPs at  
different pH values 
Based on the PCZ for TiO2 NPs which was found as 6.50, we examined the 
ability of dissolved NOM to disperse TiO2 NPs at three different pH values of 4.50, 6.50 
and 8.50 and at three levels of NOM (0.5, 2.5 and 5.0 mg C/L) for both sonicated and 
non-sonicated NPs.   The results of this study were shown in figures 4.4 to 4.7 for 
sonicated and non-sonicated TiO2 NPs. These results indicated that NOM indeed caused 
the stability of NPs as evidenced by the differences in the average aggregate sizes 
between the controls and those with NOM.  For the controls, the average aggregate sizes 
were too large and outside the measuring range (2 nm to 3000 nm).  The data indicated 
that there were NOM concentration based differences in the average aggregate sizes.  For 
example, for the sonicated TiO2 NPs (figures 4.4 and 4.6) at 0.5 mg C/L NOM, the 
average aggregate sizes were significantly larger than the average aggregate sizes at 2.5 
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mg C/L and 5.0 mg C/L NOM for all the three pH values.  However, the differences in 
the average aggregate sizes at 2.5 mg C/L and 5.0 mg C/L NOM for all the pH values 
(except for pH 6.5 at 120 h at both 2.5 and 5.0 mg C/L NOM where the differences were 
significant) were not significantly different (p-value > 0.05). These results seem to 
suggest that there is a maximum NOM concentration above which there could be no 
differences in the TiO2 NPs dispersion.  Furthermore, at the NOM concentration of 2.5 
mg C/L and 5.0 mg C/L, the data suggest that there is pH dependence in the stability of 
the TiO2 NPs, although the differences were not statistically significant at P = 0.05.  For 
the non-sonicated TiO2 NPs, the results revealed an interesting trend.  For example, at 0.5 
mg C/L NOM the average aggregate sizes (for non-sonicated) were too large and outside 
the measuring range (2 nm to 300 nm).  At the NOM concentrations of 2.5 mg C/L and 
5.0 mg C/L, a similar trend as the one observed for the sonicated TiO2 NPs was observed 
where the average aggregate sizes (figures 4.5 and 4.7) were not statistically different (p 
value >0.05), albeit with much larger average aggregate sizes than those for the sonicated 
NPs. These results suggest that the NOM stability of the non-sonicated TiO2 NPs is quite 
mild. The values of the zeta potential for both the sonicated and the non-sonicated TiO2 
NPs were observed to be getting more negative with increases in NOM and pH, though as 
expected there was more variability in the zeta potential of the non-sonicated NPs.  The 
surface charge of the controls was also getting more negative as the pH increased.  
However, it was particularly interesting to observe that pH dependent surface charge had 
small effect on suspension stability (based on the surface charge of controls), whereas pH 
dependent NOM surface charge had large effect on suspension stability.  The increase in 
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stability could be attributed to NOM sorption to NPs and the higher the NOM 
concentration the greater the sorption and hence the increased stability either by steric 
repulsion or electrostatic repulsion depending on the pH of the suspensions.  The highest 
increase in stability at pH8.50 (trend wise) at any NOM concentration could be attributed 
to the electrostatic repulsion of highly ionized NOM adsorbed on the NPs (Yang et al., 
2009). The next higher stability was observed at pH 4.50 (trend wise), where the NOM 
molecules were not fully ionized compared to that at pH 8.50.  The interactions between 
NOM molecules at the pH 4.50 were expected to be predominantly hydrophobic and 
therefore the stabilization could be attributed to steric hindrance (Illes and Tombacz, 
2006). The least stability was observed at pH 6.50 (the PZC). This was expected since the 
lowest stability of particles was always around the PCZ (Stumm and Morgan, 1981; Illes 
and Tombacz, 2006). The higher variability in the zeta potential of the non-sonicated NPs 
could be attributed to the greater heterogeneity (non-uniformity) in surface site energies 
(Amal et al., 1990).  This study appeared to suggest that when NPs are aggregated whilst 
in powdered form, breaking them apart required much more energy than could possibly 
be supplied by NOM. As mentioned earlier, the controls were used to show that the 
dispersion of NPs observed was due to NOM and that there was no significant 
contribution from the buffer solutions.  The fact that results indicated massive 
aggregation in the suspensions with buffer solutions without NOM and their average 
aggregate sizes and size distribution were outside the measurable range showed that the 
buffer solutions had no influence on the observed dispersion of TiO2 NPs in this study. 
 
142 
 
150
300
450
600
750
900
5 mg C/L2.5 mg C/L
2424 120120120
A
ve
ra
g
e
 p
a
rt
ic
le
 s
iz
e
 (
n
m
)
Time (h)
 pH 4.50
pH 6.50
pH 8.50
24
0.5 mg C/L
 
 
(a) 
 
-40
-32
-24
-16
-8 0.5 mg C/L
2.5 mg C/L
5 mg C/L
8.56.54.58.56.54.58.56.5
 24 h
 48 h
 72 h
 96 h
 120  h
Z
et
a 
po
te
nt
ia
l (
m
V
)
pH
4.5
 
 
(b) 
 
Figure 4.4.  Effect of pH at constant NOM on particle dispersion (a) and 
the corresponding zeta potential (b) for sonicated TiO2 NPs. The error bars 
indicate the standard deviation of the three replicates 
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Figure 4.5. Effect of pH and NOM on particle dispersion (a) and the 
corresponding zeta potential (b) for non sonicated TiO2 NPs. The error 
bars indicate the standard deviation of the three replicates 
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Figure 4.6. Effect of NOM at constant pH on particle dispersion (a) for 
sonicated TiO2 NPs (b) and corresponding zeta potential.  The error bars 
indicate the standard deviation of the three replicates 
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Figure 4.7. Effect of NOM at constant pH on particle dispersion (a) for 
non sonicated TiO2 NPs (b) and corresponding zeta potential. The error 
bars indicate the standard deviation of the three replicates 
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4.2.2 Sorption of TiO2 NPs to NOM at different pH values 
The stability study indicated that NOM promotes NPs stabilization and this study 
also suggests that NOM stabilization of NPs is influenced by the pH of the suspension. 
We therefore designed a study that would explain this stability in terms of sorption.  We 
carried out the sorption study at the three different pH values (same as considered in the 
dispersion study).  Our hypothesis was that NOM would sorb to particles more at lower 
pH than at higher pH values. The study was carried out as described in the method 
section. 
The results of the TOC measurements between the filtered and centrifuged 
suspensions agreed with in a precision of about 2%. This means that either filtration or 
centrifugation can be used individually for this study.  The TOC results for the solution of 
the filtered, centrifuged and the directly measured indicated an agreement within 4% 
precision. With the agreements of the filtration and centrifugation results to within less 
than 5% precision, the results were used without any corrections. 
The results of this study was consistent with our hypothesis and demonstrated that 
the highest amount of NOM was sorbed to TiO2 NPs at pH 4.50, followed by sorption at 
pH 6.50 and the least sorbed was at pH 8.50 (figure 4.8).  The sorption of the largest 
amount NOM at low pH could be attributed to the fact that the NOM molecules at low 
pH were less ionized and the interaction was predominantly hydrophobic with increased 
van der Waals forces of attraction (O’Melia, 1990).  This meant that once some NOM 
molecules were sorbed further molecules could still be sorbed due to attractive van 
derWaals forces.  At higher pH, the NOM molecules were highly ionized and after initial 
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sorption of NOM to NPs, less sorption could further take place due to electrostatic 
repulsion and hence the observed low sorption at pH 8.50. At the intermediate pH 6.50, 
NOM molecules were not completely ionized. There could still be some hydrophobic 
influences and hence the observed relatively high sorbed NOM compared to pH 8.50.  
We further examined the relationship between the surface charge and the amount 
of the NOM sorbed at the three pH values considered in this study.  As expected the 
results indicated that the surface charge (zeta potential) was more negative at pH 8.50 and 
corresponded to the least amount of NOM sorbed (figure 4.9).  The surface charge at pH 
4.50 was the least negative and corresponded to the highest amount of NOM that was 
sorbed.  Therefore the stability of NPs was due to NOM sorption and when taken 
together, the stability and the sorption results suggest that stabilization of the TiO2 NPs 
suspension is more effective with NOM electrostatic repulsion than with the NOM steric 
hindrance.  
We then fitted the sorption data to the nonlinear Langmuir model.  The model 
described the experimental data at all pH values fairly well as shown in figure 4.10. 
However, the fundamentals or the basic concepts of the Langmuir could not be said to 
have been met at all the three pH values.  However, it could probably be argued that the 
basic concepts of the Langmuir adsorption isotherm were fulfilled (fixed adsorption sites, 
equal surface energies and no interaction between sorbed molecules) at pH 8.50 where 
the sorption was predominantly electrostatic. But at pH 4.50 and pH 6.50 the Langmuir 
adsorption isotherm was probably not met as the interaction could have involved 
hydrophobic moieties of NOM through van der Waals attraction.  The model was also 
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used to estimate the values of the total amount of sorbate that could be sorbed at 
equilibrium (Qmax) and the Langmuir constants (KL) for each pH studied.  At pH 4.50, the 
Qmax and the KL were found as 14.8 mg NPOC/g TiO2 and 0.36 respectively. While at pH 
6.50, the Qmax and the KL were found to be 10.4 mg NPOC/g TiO2 and 0.22 respectively, 
and at pH 8.50, the Qmax and the KL were found as 2.4 mg NPOC/g TiO2 and 0.15 
respectively. These values were consistent with the observed experimental results which 
showed higher sorption for lower pH and lower sorption for higher pH.   
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Figure 4.8. Sorption of NOM to TiO2 nanoparticles at different pH values 
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Figure 4.9. Relationship of zeta potential and adsorbed amount of NOM at 
given pH 
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Figure 4.10. Fit of sorption experimental data to non linear Langmuir 
adsorption isotherm  
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4.2.3 NOM fraction and molecular weight determination 
The interaction of NPs with NOM leads to a number of events both to NPs and to 
NOM.  For NPs, this interaction could produce enhanced aggregation or dispersion as 
was demonstrated in the dispersion study. For NOM, this interaction could cause 
separation of different fractions within the bulk NOM.  In this study we examined the 
separation of different fractions (preferential sorption) of NOM to TiO2 NPs as 
influenced by pH, ionic strength and NOM concentration. The study was carried out as 
described in the method section of this chapter.  The one way ANOVA with Tukey’s pair 
wise comparisons of means (each calculated from three replicates) from origin Pro 8.6 
software was used as described in the method section under statistics.  The HPSEC is an 
entropically controlled separation technique that separate molecules based on relative size 
or more specifically on hydrodynamic volume (Barth et al. 1994). When the sample is 
introduced into the column, the larger molecules will elute faster (earlier) than the smaller 
ones. As shown in figure 4.13 for illustrative purposes, the elution of NOM shifted 
toward longer times after sorption, an indication that larger molecules were being 
preferentially removed by adsorbing onto the TiO2 NPs (for more spectra see figure C.1 
in the appendices) . The shift towards longer times corresponded to the reduction in the 
weight - average molecular weight (MWw) of NOM.  The data in figure 4.11 showed the 
overall NOM molecular weight fractionation before and after sorption.  The error bars 
were made from standard errors. The data in this figure indicated that the weight –
averaged molecular weight before (MWi) sorption did not vary with pH, ionic strength or 
NOM concentration as demonstrated by the one way ANOVA using Tukey’s pair wise 
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comparisons of means.  However, after sorption, the data indicated that there was 
reduction in the weight average molecular weight.  The letters indicating similarity or 
differences in figure 4.11 were shown only for the fractional reduction of MWw. of NOM 
(calculated as [MWi-MWf]/MWi).  The data suggest that the largest reduction (as 
indicated by the fractional reduction) is with pH, followed by ionic strength (IS) and then 
by NOM concentration.  However, statistical tests (Tukey’s pair wise comparisons of 
means) showed that the fractional reduction in MWw. for factors that had the largest 
change (pH 4.50, pH 6.50, IS = 0.1, IS = 0.5, [NOM] =10 and [NOM] = 15) were not 
statistically different.  In order to identify the factor that had the largest influence in the 
fractional reduction (variation) of MWw. of NOM, the data was rearranged and fractional 
decrease in MWw. was plotted against pH and was separated according to NOM 
concentrations at different ionic strength as shown in figure 4.12.  The data showed a 
clear distinction that the variation of MWw. was largest at pH 4.5, followed by pH 6.5 and 
the lowest was at pH 8.50.  At all the NOM concentrations (7.5, 10, 15 mg C/L) the 
variation at 0.01 M and 0.1M ionic strengths were statistically different at pH 4.50 and 
pH 6.50. For the ionic strengths of 0.1 M and 0.5 M, the variations of MWw. at all the pH 
(4.50, 6.50 and 8.50) were not statistically different. At higher NOM concentrations (10 
and 15 mg C/L) the differences in the variations of MWw. between 0.01 M and higher 
ionic strengths (0.1 and 0.5 M) were quite significant across all pH values.  
These data indicated that the largest variation of MWw. of NOM occurred at pH 
4.5, followed by pH 6.5 and then pH 8.5.  These results were consistent with our findings 
with the sorption experiments described earlier in this chapter.  The data also showed that 
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higher ionic strength (0.1 M and 0.5 M) was equally more effective in promoting 
fractionation than lower ionic strength (0.01M).  The data suggest that there is an 
optimum NOM concentration (10 mg C/L in this study) at which fractionation is 
expected to be optimum.  The observations of these results could be explained as follows: 
The largest fractionation (fractional decrease in MWw.) at low pH could be attributed to 
the fact that a low pH (4.50), the TiO2 NPs are positively charged (Yang et al., 2009; 
Mudunkotuwa and Grassian, 2010) and the NOM molecules are less ionized and 
therefore adsorption was mainly through lateral hydrophobic interaction with minimum 
contribution from electrostatic interaction and therefore further NOM molecules could 
adhere to each other by the same hydrophobic interaction (Amal et al., 1991). At the pH 
6.50, more NOM molecules were getting ionized and so the contribution from 
electrostatic interaction (repulsion) was increasing and hence the reduced amount of 
NOM sorbed (and hence reduced fractionation).   However, at the pH 8.50, the adsorption 
of the NOM on other NOM molecules could be restricted by the electrostatic repulsion as 
a result of increased ionization of the NOM molecules (Hudson et al., 2007).  The 
increase in sorption and fractionation at higher ionic strength could be due to charge 
screening a process that probably rendered the NOM molecules to be more hydrophobic 
and thereby increasing their lateral hydrophobic interaction and adsorption affinity 
(O’Melia, 1990; Chen et al., 2003).  This study has demonstrated that NOM does undergo 
fractionation upon sorption to NPs and consistent with sorption data, this study further 
indicated that the fractionation was higher at lower pH (4.50) than at higher pH (8.50).  
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Figure 4.11. Bar graph for NOM molecular weight fractionation before and after 
sorption: MWi is weight-average molecular weight before sorption; MWf is the weight-
average molecular weight after sorption, Fraction reduction is the fractional reduction in 
weight-average molecular weight following sorption. The error bars are standard errors of 
the means. 
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Figure 4.12. Fractional decrease in MWw of NOM as a function of pH 
arranged according same NOM concentration with different ionic 
strengths.  The error bars indicate the standard deviation of three 
replicates.  
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Figure 4.13. Absorption signal shifts towards smaller fractions of NOM at 
15 mg C/L, shown as an example. Similar trends were observed at other 
NOM concentrations 
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4.2.3 The absorbance measurements 
In this part of our study we were curious to know whether the fractionation of 
NOM upon sorption demonstrated by using HPSEC could equally be observed using the 
absorbance spectrophotometric technique. We measured the absorbances of the NOM 
over the UV-visible range of 200 nm to 900 nm using a step width of 0.5 nm. The 
specific ultra violet absorbance for NOM was estimated at 280 nm (SUVA280) because 
the pi to pi stars (  to ) electronic transitions for the major aromatic compounds that 
constitute humic substances occur around this wavelength (˜ 270 to 280 nm) (Chin et al., 
1994). The reduction in the SUVA280 for the NOM after sorption would be a 
demonstration of the reduction in the aromaticity and hence an indication of preferential 
sorption of larger and more hydrophobic NOM molecules to TiO2 NPs. The sample 
paired t-tests for the means from Origin pro8.6 software was used to identify whether the 
SUVA280 means (each calculated from three replicates) before and after sorption were 
really different at 95 % confidence level.  The p-values shown in the tables indicated the 
significance/no significance in the difference between the means. When the p-value was 
greater than 0.05, then the differences in the SUVA280 before and after sorption were 
considered not to be significant and hence fractionation was not statistically 
demonstrated.  The results were shown in tables 4.2 to 4.4. The SUVA280 values at pH 
4.50 showed there was a reduction from before to after sorption except for the sample A2 
(a sample at 0.01M and 10 mg C/L NOM) which had a p-value of 0.07 (p-value> 0.05). 
This result suggests that the fractionation for the sample was quite small. At the pH 6.50, 
there was also one sample (A1) that had a p-value of 0.09 (p-value > 0.05).  At pH 8.50, 
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there were two samples A2 and C1 that had their p-values of 0.07 and 0.1 respectively. 
The examination of these samples with p-values greater than 0.05, revealed that the 
replicate values had high variability and hence the resultant larger p-values. However, the 
overall results indicated that there was a difference in the SUVA280 before and after 
sorption, a demonstration of fractionation of NOM. 
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Table 4.1. Molecular weights (Daltons) and SUVA280 (mg
-1
m
-1
) before and sorption  
at pH 4.50  
Sample 
name 
Initial 
MWw 
Initial 
MWn 
Final  
MWw 
Final 
MWn 
Initial 
SUVA280 
Final 
SUVA280 
P-
values 
A1 2226 926 1506 499 4.22 3.84 0.03 
A2 2225 952 1317 564 4.23 3.92 0.07 
A3 2185 959 1371 680 4.02 3.39 0.03 
B1 2222 835 1164 464 3.98 2.83 0.01 
B2 2086 880 1125 521 3.89 2.98 0.03 
B3 2156 909 1135 611 3.77 2.62 0.03 
C1 2061 704 1338 334 3.71 2.76 0.02 
C2 2047 709 1153 398 3.36 2.73 0.03 
C3 2113 763 1155 478 3.58 2.66 0.02 
  SUVA280 is specific ultraviolet absorption at 280 nm calculated using three replicates 
  MWw is weight average molecular weight 
  MWn is the number average molecular weight 
  The letters and numbers represent ionic strength and NOM concentration 
   respectively (i.e. A = 0.01, B = 0.1, C = 0.5 and 1 = 7.5, 2 = 10, 3 = 15 mg C/L) 
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Table 4.2. Molecular weights (Daltons) and SUVA280 (mg
-1
m
-1
) before and sorption  
at pH 6.5 
Sample 
name 
Initial 
MWw 
Initial 
MWn 
Final  
MWw 
Final 
MWn 
Initial 
SUVA280 
Final 
SUVA280 
P -
values 
A1 2180 918 1476 651 4.31 3.62 0.09 
A2 2115 919 1376 680 3.91 3.32 0.03 
A3 2133 943 1589 773 3.84 3.30 0.003 
B1 2137 852 1262 569 4.05 3.31 0.02 
B2 2136 882 1265 616 3.80 3.35 0.04 
B3 2140 894 1325 666 3.60 3.11 0.04 
C1 2140 660 1280 414 3.74 3.06 0.04 
C2 2103 704 1191 446 3.65 3.14 0.04 
C3 2108 728 1308 539 3.68 3.12 0.01 
 SUVA280 is specific ultraviolet absorption at 280 nm calculated using three replicates 
  MWw is weight average molecular weight 
  MWn is the number average molecular weight  
  The letters and numbers represent ionic strength and NOM concentration 
   respectively (i.e. A = 0.01, B = 0.1, C = 0.5 and 1 = 7.5, 2 = 10, 3 = 15 mg C/L 
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Table 4.3. Molecular weights (Daltons) and SUVA280 (mg
-1
m
-1
) before and sorption 
 at pH 8.5    
Sample 
name 
Initial 
MWw 
Initial 
MWn 
Final  
MWw 
Final 
MWn 
Initial 
SUVA280 
Final 
SUVA280 
p-
values 
A1 2199 1012 1874 911 4.11 3.66 0.03 
A2 2176 1071 1774 975 4.07 3.76 0.07 
A3 2167 1104 1877 1022 3.76 3.55 0.01 
B1 2106 967 1516 829 4.07 3.23 0.04 
B2 2139 1013 1587 884 3.78 3.29 0.03 
B3 2171 1055 1706 958 3.78 3.24 0.04 
C1 2165 846 1606 621 4.06 3.46 0.1 
C3 2050 737 1566 719 3.83 3.20 0.01 
       
 
SUVA280 is specific ultraviolet absorption at 280 nm calculated using three replicates 
  MWw is weight average molecular weight 
  MWn is the number average molecular weight  
  The letters and numbers represent ionic strength and NOM concentration 
   respectively (i.e. A = 0.01, B = 0.1, C = 0.5 and 1 = 7.5, 2 = 10, 3 = 15 mg C/L) 
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4.2.3 The fluorescence measurements 
The fluorescence spectrophotometric technique was used to corroborate both the 
HPSEC and the absorbance measurements.  According to Chen et al.,( 2003), the smaller 
fractions of humic acid molecules have higher fluorescence intensity than the larger ones. 
Therefore an increase in the fluorescence intensity in the NOM after sorption would 
indicate the preferential sorption of larger and more hydrophobic NOM fractions. The 
larger NOM molecules are believed to have lower free energy of adsorption than the 
smaller ones (Gu et al., 1996). The results of this study were shown as fluorescence 
excitation emission matrix maps in figures 4.15 to 4.17.  These results clearly indicated 
that at each pH and at each of the ionic strengths used in this study, the fluorescence 
intensity was greater after sorption compared to before sorption and thus preferential 
sorption of larger fractions of NOM to TiO2 NPs.   Prior to conducting the fluorescence 
study, the samples were analyzed for TOC. This enabled necessary dilutions to the 
samples to be made so that they all had the same NOM concentration (1 mg C/L) in order 
to minimize any inner filter effects. According to Hudson et al., (2007), the fluorescence 
analyses of NOM could potentially be constrained or affected by inner filtering effects. 
The inner filtering effect is the absorption and re-emission of emitted energy at a longer 
wavelength by surrounding molecules, which particularly happens in concentrated 
solutions. Therefore, in this study, any changes to the fluorescence intensity were 
attributed to the changes in the NOM fractions due to sorption.  
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Figure 4.14. EEMS for fluorescent intensity before (a) and after (b) NOM 
sorption to TiO2 NPs for 0.01M ionic strength, 7.5 mg C/L and pH 4.5  
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Figure 4.15. EEMS for fluorescent intensity before (a) and after (b) NOM 
sorption to TiO2 NPs for 0.01M ionic strength, 7.5 mg C/L and pH 6.5  
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Figure 4.16. EEMS for fluorescent intensity before (a) and after (b) NOM 
sorption to TiO2 NPs for 0.01M ionic strength, 7.5 mg C/L and pH 8.5  
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4.3 Conclusion 
The interaction of NOM with NPs in aqueous medium can result in several 
outcomes. The NOM-NPs interactions could lead to enhanced dispersion of NPs and 
hence increased residence time and increased transportation within the aqueous 
environment.  There could also be a possibility of NOM fractionation, leading to less 
hydrophobic components of NOM remaining in the aqueous phase. In this study we have 
demonstrated that the dispersion of TiO2 NPs upon interaction with NOM was due to the 
sorption of NOM to the TiO2 NPs.  The data demonstrated that the NOM concentration 
was critical in promoting NP dispersion. The results further suggest that the dispersion 
was pH dependent and that the dispersion could be much higher at higher pH than at 
lower pH values. According to the sorption study, the amount of NOM sorbed was 
however, demonstrated to be higher at the lower pH values than at higher pH values.  The 
study further demonstrated that NOM undergoes fractionation. Three different techniques 
were employed to corroborate the fractionation of NOM. The HPSEC showed that pH 
and ionic strength have strong influence of the fractionation. The lower pH and higher 
ionic strengths appeared to enhance sorption and hence fractionation. The HPSEC 
seemed to suggest that there could be an optimum NOM concentration at which 
fractionation could be highly favored, though this could also depend on the amount of the 
sorbent present.  The absorbance spectrophotometry showed that the SUVA280 of the 
NOM was changed after sorption. The fluorescence technique also showed that the 
fluorescence intensity of NOM increased after sorption when compared to before 
sorption. 
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CHAPTER 5. THE TOXIC EFFECTS OF COPPER OXIDE, ZINC OXIDE 
, TITANIUM OXIDE AND IRON (III) OXIDE NANOPARTICLES ON THE  
CLADOCERAN DAPHNIA MAGNA. 
 
Abstract 
Assessing the impacts of metal oxide nanoparticles on aquatic organisms is 
critical in view the increasing production of these materials and their eventual release into 
the aquatic environments.   In this study, the toxic effects of the four metal oxide NPs, 
nZnO, nCuO, nFe2O3 and nTiO2 were assessed on the cladoceran Daphnia magna, taking 
into account the dissolution and aggregation of these NPs.  The study examined the 
toxicity of these metal oxide NPs at two levels of biological organization: organism and 
cellular levels. At the organism (acute toxicity) level the study examined the influence of 
NOM and test media (ionic strength) such as culture (FETAX) solution, moderately hard 
water (MHW) and soft water (SW) on the toxicity of these metal oxide NPs.  At the 
cellular (biomarkers) level the influence of NOM on the toxicity of metal oxide NPs was 
examined in moderately hard water only.  Organism effects were monitored through 
measuring mortality after 48 h exposure and using US EPA probit analysis program a 
series of LC values were estimated and slopes obtained from the plots of probit 
transformed % mortality against the log concentration were used to compare the toxic 
effects of each metal oxide NPs in different test media in addition to the usual LC50 
values. The cellular effects were monitored by measuring a select suite of biomarkers 
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such as glutathione- S –transferases (GST), thiobarbituric acid reacting substances 
(TBARS), oxidized glutathione (GSH) and metallothionein (MT) after 72 h of exposure 
to sublethal concentrations.   
For the organism level, the results indicated that the suspensions of ZnO and CuO 
NPs were very toxic with 48 h LC50 values decreasing with test media of decreasing ionic 
strength. However, the most revealing information about the toxicity of these metal oxide 
NPs in different test media was obtained from the slopes of the LC values. The slopes 
were higher in aqueous media of low ionic strength and were particularly lower in 
aqueous media with dissolved NOM at 0.5 mg C/L. At the NOM concentration of 2.5 mg 
C/L, there were no observed mortalities for both ZnO and CuO NPs suspensions. The 
suspensions of Fe2O3 and TiO2 NPs did not cause any mortality even up to 250 mg/L 
metal oxide NPs. For the cellular level, the results indicated that the suspensions for ZnO 
and CuO NPs showed inhibition of GST, increased levels of malondialdehyde (MDA) 
measured as TBARs, increased oxidized GSH and induction of MT. In the presence of 
dissolved NOM these effects were less pronounced.  Overall the results suggest that 
toxicity of metal oxide NPs is a combined contribution between NPs and the dissolved 
metal ions.  Both test medium (ionic strength) and NOM have mitigative effects on 
toxicity.  
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5.0 Introduction 
The advent of nanotechnology may be heralded as the epitome of technology of 
the 21st century, albeit with concerns raised over hazards it may have on humans and 
environmental health (Lin et al., 2010). Several studies have thus far suggested that 
nanoparticles (NPs) could have adverse effects on organisms (Brayner et al., 2006; 
Lovern and Klapper, 2006; Franklin et al., 2007; Heinlaan et al., 2008; Aruoja et al., 
2009).  Currently, the presence of NPs in the aquatic environment is not well documented 
(Moore, 2006; Scown et al., 2010) presumably reflecting the inadequacy of the current 
analytical tools to characterize and quantify NPs in complex environmental matrices 
(Petosa et al., 2010; Scown et al., 2010). However, it cannot be disputed that NPs are 
present in aquatic environments though estimation of quantities remains a large research 
area (Lowry et al., 2010).  With the projected increase in the production of the 
nanomaterials (Nowack and Bucheli, 2007; Baun et al., 2008; Farre et al., 2009; Sharma, 
2009; Lin et al., 2010), it is expected that their release into the fresh water systems will 
correspondingly lead to increase in exposure of organisms to the NPs with attendant 
adverse effects (Nowack and Bucheli, 2007; Baun et al., 2008; Sharma, 2009; Lin et al., 
2010).  The proposed use of these NPs particularly makes them prone to be released into 
the fresh water systems. For example TiO2 and ZnO NPs besides being among the 
ingredients in toothpaste, beauty products, sunscreens, they can also be used in textile 
(Wang et al, 2009) and in solar driven self-cleaning coatings (Cai et al., 2006). The CuO 
NPs have been used in wood preservation and antimicrobial textiles (Gabbay et al., 2006) 
and have potential for use as catalysts for carbon monoxide oxidation and as heat transfer 
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fluid in machine tools (Aruoja et al., 2009). The Fe2O3 NPs are having considerable 
application in many areas such as environmental catalysis, magnetic storage, biomedical 
imaging and magnetic target drug delivering (Zhu et al., 2009).  
The behavior and consequently the toxicity of metal oxide NPs in aquatic 
environment is expected to be largely controlled by their surface chemistry and the 
chemistry of the surface waters (Farre et al., 2009; Baun et al., 2008; Keller et al., 2010; 
Lin et al., 2010;  Petosa et al., 2010). The introduction of metal oxide NPs to aquatic 
environments may lead to surface hydrolysis and other sorption reactions (Schindler and 
Stumm, 1987; Westall, 1987) with possibilities of aggregation, dispersion and dissolution 
(as seen in chapters 2 and 3). Thus metal oxide NPs may release free metal ions that 
could be more toxic to organisms than NPs themselves.  Generally, the pH, ionic 
strength, the types and nature of other dissolved species such as NOM may have 
significant influence on the interaction of metal oxide NPs with organisms and hence 
possible alteration of toxicity (Morel and Hering, 1993). Dissolved NOM has potential to 
complex and sorb to both particles and other dissolved species in aqueous environment.  
However, the extent of complexation and sorption may depend on the ionic strength and 
pH of the aquatic environment (O’Melia, 1990; Stumm and Morgan, 1996) as was 
observed in chapters three and four.  Given that dissolved NOM is ubiquitous in aquatic 
environments, it can be expected that its influence on the toxicity of many chemicals 
including that of NPs could be huge.  
Several studies have looked at the toxic effects of metal oxide NPs in aquatic 
system organisms including that of Daphnia magna (Lovern et al. 2006; Heinlaan et al. 
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2008;  Zhu et al. 2009; Strigul et al. 2009; Wiench et al.2009; Kim et al. 2010; Blinova et 
al. 2010; Zhu et al. 2010). But few manipulative studies have looked at the influence of 
ionic strength on NPs toxicity (Truong et al. 2011) and the ameliorating effect of 
dissolved NOM on metal oxide NPs toxicity on aquatic organisms (Krammer et al. 2004).  
Blinova et al., (2010) investigated the toxic effect of CuO and ZnO NPs on Daphnia 
magna using naturally occurring water that had varied amounts of dissolved organic 
carbon.  Some studies have suggested that different types of dissolved NOM will sorbe 
and complex differently on NPs and hence may have different effects on toxicity (Li et 
al., 2011; Wang et al., 2011). For example, Wang et al. (2010) observed that the larger 
fractions (> 1000 Daltons) of dissolved NOM mitigated NPs toxicity, while the smaller 
fractions (<1000 Daltons) enhanced NPs toxicity in this particular study. The extent to 
which both the ionic strength and NOM could influence the toxicity of metal oxide NPs 
still requires active attention both for corroborative evidence and for bridging the 
knowledge gaps.  The aim of this study was therefore to assess the toxic effects of the 
four metal oxide NPs (nZnO, nCuO, nFe2O3 and nTiO2) on cladoceran Daphnia magna, 
at two levels of biological organization: the organism and cellular levels. At the organism 
(acute toxicity) level the study examined the influence of NOM and test media (ionic 
strength) such as culture (FETAX) solution, moderately hard water (MHW) and soft 
water (SW) on the toxicity of these metal oxide NPs. At the cellular (biomarkers) level 
the influence of NOM on metal oxide NPs toxicity was examined in moderately hard 
water only.  Organism level effects were monitored through measuring mortality after 48 
h exposure and US EPA probit analysis program was used to estimate various LC values. 
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The estimated LC values were then transformed into probits and were be plotted against 
concentration on log scale. The obtained slopes were used in comparing metal oxide NPs 
toxicity in different test media in addition to the traditional LC50 values.  The cellular 
level effects were monitored by measuring a select suite of biomarkers such as 
glutathione- S –transferases (GST), thiobarbituric acid reacting substances (TBARS), 
oxidized glutathione (GSH) and induction of metallothionein (MT) after 72 h of exposure 
to sublethal concentrations. The study further examined the proportion of metal oxide 
NPs both that was dissolved (with and without organisms) and remaining in the 
suspensions (gauging aggregation) by the end of the test period in moderately hard water. 
Our hypothesis was that toxicity was due to both dissolved metal ions and NPs 
 
 
5.1 Materials and methods 
5.1.1 Materials 
All the four metal oxide NPs in this study were used as purchased.  The Fe2O3, 
CuO and ZnO NPs were purchased from Sigma-Aldrich, while TiO2 NPs was purchased 
from Degussa Corporation. The particle sizes were advertized as <50nm for Fe2O3, CuO, 
TiO2 and <100nm for ZnO (though DLS measurements indicated presence of particle 
sizes greater than 100nm). The Suwannee River humic acid (SRHA), reverse osmosis 
isolate (ROI) was purchased from International Humic Substances Society (IHSS). The 
high performance liquid chromatography fitted with Diox auto sampler AS50 and with 
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Diox PDA-100 detector purchased from DIONEX was used for the measurement of 
metallothionein (MT). The size exclusion chromatographic column (SEC), the Protein – 
pak
TM
 125 10µm, 7.8x300mm HPLC column was purchased from Waters. The YMC – 
pack Diol – 120, 300X8.0mm ID, S-5µm, 12nm DL12S05-3008WT HPLC column was 
purchased from YMC.  Spectra Max Gemini fluorescent plate reader and Spectra Max 
190 absorbance plate reader purchased from Molecular Devices were used in the 
determination of biomarkers.  Ethylenediaminetetra acetic acid (EDTA), 5’,5’-dithio-bis-
2-nitrobenzoic acid (DTNB), dithiothreitol (DTT), phenylmethylsulphonyl fluoride 
(PMSF), 1- Chloro-2, 4-dinitrobenzene (CDNB), reduced glutathione (GSH), Rabbit liver 
Metallothionein (MT-1) standard, ,butylated hydroxytoluene (BHT), 1, 1, 3, 3-
tetramethoxypropane (97% purity), HPLC protein standard mixture, SLBB6450V and 
bovine serum albumin (BSA) were purchased from Sigma-Aldrich.  The Bicinchoninic 
acid (BCA) protein assay reagents were purchased from Pierce. The Glutathione 
fluorescent detection kit was purchased from Arbor Assays, and all other chemicals were 
of analytical grade and were purchased from VWR. 
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5.1.2 Methods 
5.1.2.1 Stock and test suspensions for acute toxicity tests in MHW 
For CuO and ZnO NPs, two types of stock suspensions were prepared both at 200 
mg/L for each metal oxide NPs. The first type of stock suspensions was prepared in DDI 
water and was sonicated for 60 minutes. These were then stored at +4 
o
C until required 
for preparation of test suspensions.  The second type was prepared in moderately hard 
water (MHW) and was sonicated for 60 minutes. These were then stored at +4 
o
C until 
required for preparation of test suspensions. The pHs for these stock suspensions were 
measured as 6.30 and 7.37 in DDI water for CuO and ZnO NPs respectively and 7.9 in 
MHW for both metal oxide NPs. The stock suspensions for the Fe2O3 and TiO2 NPs were 
prepared in DDI water only and at 500 mg/L for each metal oxide NPs. These were 
sonicated for 60 minutes and were then stored at +4 
o
C until required for preparation of 
test suspensions. The pH for both suspensions was around 6.23 and 6.18 for Fe2O3 and 
TiO2 NPs respectively.  
Prior to the preparation of the test suspensions, the stock suspensions were 
sonicated for 10 minutes to homogenize and break any aggregates that may have formed. 
For DDI stock suspensions of CuO and ZnO NPs, three types of test suspensions were 
prepared. The first test suspension type had metal oxide NPs only and were prepared by 
pipetting appropriate volumes of the stock suspensions of each metal oxide NPs into 30 
mL plastic test vials and diluted to 25 mL with MHW to give the following 
concentrations:   0.0, 1.0, 2 .0, 5.0 and 10.0 mg/L for each metal oxide NPs. The second 
and third test suspension types had similar metal oxide concentrations as the first type, 
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but also had NOM concentrations of 0.5 mg C/L NOM and 2.5 mg C/L NOM 
respectively.  The metal oxide test suspensions with NOM were allowed to stand for 24 h 
before being used for the toxicity tests. Prior to being used in the toxicity tests, these test 
suspensions were sonicated for 10 minutes. For MHW stock suspensions of CuO and 
ZnO NPs, only one type of test suspension was prepared for each metal oxide NPs. This 
contained metal oxide only and had the following concentrations: 0.0, 1.0, 2.0, 5.0 and 10 
mg/L for each metal oxide NPs.  For both Fe2O3 and TiO2 NPs, the test suspension 
concentrations were prepared by pipetting appropriate volumes of stock suspensions 
(DDI stock suspensions) of each metal oxide NPs into 30 mL plastic test vials and diluted 
to 25 mL with MHW to give the following concentrations: 0.0, 50.0, 100.0, 150.0 and 
250.0 mg/L for each NPs metal oxide.  
  
 
5.1.2.2  Stock and test suspensions for sublethal effects in MHW 
From DDI stock suspension of CuO and ZnO NPs, two types of test suspensions 
were prepared. The first test suspension type had metal oxide NPs only and were 
prepared by pipetting appropriate volumes of the stock suspensions of each metal oxide 
NPs into 30 mL plastic test vials and diluted to 25 mL with MHW to give the following 
concentrations:   0.0, 0.3, 0 .8 and 1.1 mg/L for each metal oxide NPs. The second test 
suspension type had similar metal oxide concentrations as the first type, but also had 
NOM concentrations of 0.5 mg C/L NOM (2.5 mg C/L NOM were excluded due to no 
observed mortality in the acute toxicity tests). The metal oxide NPs test suspensions with 
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NOM were allowed to stand for 24 h before being used for the toxicity tests. Prior to 
being used in the toxicity tests, these test suspensions were sonicated for 10 minutes. For 
MHW stock suspensions of CuO and ZnO NPs, one type of test suspension was prepared 
for each metal oxide NPs. This contained metal oxide only and had the following 
concentration: 0.0, 0.3, 0.8 and 1.1 mg/L for each metal oxide NPs.    
For TiO2 NPs, the test suspension concentrations were prepared by pipetting appropriate 
volumes of stock suspensions into 30 mL plastic test vials and diluted to 25 mL with 
MHW to give the following concentrations: 0.0, 1, 10 and 50 mg/L metal oxide.  The 
Fe2O3 NPs suspensions were excluded due to no observed mortality in acute toxicity 
tests. Although the TiO2 NPs showed no mortality in acute toxicity tests, they have been 
included in the sublethal tests because some researchers have found evidence of sublethal 
effects for these metal oxide NPs.  
   
 
5.1.2.3  Stock and test suspensions for acute toxicity tests in soft water 
For CuO and ZnO NPs, two types of stock suspensions were prepared both at 200 
mg/L for each metal oxide NPs. The first type of stock suspensions was prepared in DDI 
water. These were sonicated for 60 minutes and then stored at +4 
o
C until required for 
preparation of test suspensions. The second types were prepared in soft water (SW) and 
were sonicated for 60 minutes. These were then stored at +4 
o
C until required for 
preparation of test suspensions. The pHs for these stock suspensions were measured as 
6.33 and 7.37 in DDI water for CuO and ZnO NPs respectively and 7.95 in SW for both 
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metal oxide NPs. In this test the Fe2O3 and TiO2 NPs were excluded (as preliminary tests 
showed very low mortality).  
Prior to the preparation of the test suspensions, the stock suspensions were 
sonicated for 10 minutes to homogenize and break any aggregates that may have formed. 
For DDI stock suspensions of CuO and ZnO NPs, two types of test suspensions were 
prepared.  The first test suspension type had metal oxide NPs only and were prepared by 
pipetting appropriate volumes of the stock suspensions of each metal oxide NPs into 30 
mL plastic test vials and diluted to 25 mL with SW to give the following concentrations:   
0.0, 1.0, 2 .0, 5.0 and 10.0 mg/L for each metal oxide NPs. The second test suspension 
type had similar metal oxide concentrations as the first type, but also had NOM 
concentrations of 0.5 mg C/L NOM.  The metal oxide test suspensions with NOM were 
allowed to stand for 24 h before being used for the toxicity tests. Prior to being used in 
the toxicity tests, the test suspensions were sonicated for 10 minutes. For SW stock 
suspensions of CuO and ZnO NPs, only one type of test suspension were prepared for 
each metal oxide NPs. This contained metal oxide only and had the following 
concentration: 0.0, 1.0, 2.0, 5.0 and 10 mg/L for each metal oxide NPs. 
 
 
5.1.2.4  Stock and test suspensions for acute toxicity tests in FETAX  
For CuO and ZnO NPs, two types of stock suspensions were prepared both at 200 
mg/L for each metal oxide NPs.  The first type of stock suspensions was prepared in DDI 
water. These were sonicated for 60 minutes and were then stored at +4 
o
C until required 
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for preparation of test suspensions.  The second type was prepared in FETAX solution.  
This was sonicated for 60 minutes and then stored at +4 
o
C until required for preparation 
of test suspensions.  The pHs for these stock suspensions were measured as 6.32 and 7.35 
in DDI water for CuO and ZnO NPs respectively and 7.9 in FETAX solution for both 
metal oxide NPs. In this test the Fe2O3 and TiO2 NPs were excluded (as preliminary tests 
showed no mortality).  
Prior to the preparation of the test suspensions, the stock suspensions were sonicated for 
10 minutes to homogenize and break any aggregates that may have formed. For DDI 
water stock suspensions of CuO and ZnO NPs, two types of test suspensions were 
prepared. The first test suspension type had metal oxide NPs only and were prepared by 
pipetting appropriate volumes of the stock suspensions of each NP oxide into 30 mL 
plastic test vials and diluted to 25 mL with FETAX solution to give the following 
concentrations:   0.0, 1.0, 2 .0, 5.0 and 10.0 mg/L for each metal oxide NPs. The second 
test suspension type had similar metal oxide concentrations as the first type, but also had 
NOM concentrations of 0.5 mg C/L NOM.  The metal oxide test suspensions with NOM 
were allowed to stand for 24 h before being used for the toxicity tests. Prior to being used 
in the toxicity tests, the test suspensions were sonicated for 10 minutes.  
For FETAX solution stock suspensions of CuO and ZnO NPs, only one type of test 
suspension was prepared for each metal oxide NP. This contained metal oxide only and 
had the following concentration: 0.0, 1.0, 2.0, 5.0 and 10 mg/L for each metal oxide NPs. 
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5.1.2.5  Test organisms 
The fresh water cladoceran Daphnia magna was used as a test organism in the 
assessment of the toxicity of these metal oxides NPs in the aqueous solutions.  The choice 
of Daphnia magna as a test organism was based on its being a good sentinel species for 
aquatic organisms. These organisms are sensitive, have short life-cycle and are easy to 
culture and have a short generation time in the laboratory of approximately 8-10 days. 
These organisms were cultured in the laboratory at Clemson Institute of Environmental 
Toxicology, in the artificially moderately hard water as specified by EPA (2007). The 
culture medium was renewed three times a week and daphnids were fed on algae 
suspensions and YCT (Yeast Cereal Leaves Tetramin) food mixture.   
 
 
5.1.2.6  Toxicity tests 
5.1.2.6.1 Organism effect (Acute toxicity tests) 
The D. magna toxicity tests were conducted according to the standard toxicity 
tests as described by EPA (2007).  The static non renewal tests were conducted using 5 
test concentrations inclusive of the control as described in the test suspensions 
preparation sections.  The tests were conducted in 30 mL plastic vials as test vessels.  
Each test vessel was filled with 25 mL of test suspension. Six (6) replicates per test 
concentrations were used and in each replicate were five (5) individual neonates ≤ 24 h 
old.  The tests were performed under 16 h light: 8 h dark at temperature of 25±1
o
C.  The 
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dead organisms were counted after 48 h under the dissecting microscope. This procedure 
was used for all the 3 types of test media of different ionic strengths (moderately hard 
water, soft water and FETAX solution). The various LC values and their confidence 
intervals (CI) were estimated using US EPA probit analysis program.   
For the moderately hard water test medium, parallel to the acute toxicity tests, a 
set up of test suspensions as in 5.1.2.1 were made so as to confirm the initial nominal 
concentration of suspensions and ascertaining the final concentrations of metal ions in 
suspensions as well as dissolved metal ions in suspensions at the end of the test period. 
Furthermore, the amount of dissolved metal ions in the absence and presence of 
organisms was examined.  The dissolved metal ions (Zn
+2
 and Cu
+2
) in suspensions and 
metal ions (for metal oxide NPs) in the suspensions were quantified using ICP-MS at the 
end of the test period. 
  
 
5.1.2.6.2 Cellular effects (sublethal toxicity tests) 
For sublethal effects assessment, only suspensions from moderately hard water 
were used (the medium in which most manipulative toxicity tests are carried out).  For 
GST and TBARS, the methods described by Barata et al., (2005) with some 
modifications were used (normalizing to proteins).  For the measurement of the oxidized 
GSH, a glutathione fluorescent detection kit, catalog number K006-F1 from Arbor 
Assays was used. For the determination of MT, a combination of protocols described by 
Lobinski et al (1998); Stulk et al (2003) and Alhama et al (2006) were used with 
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modifications to suite the available column and other high performance size exclusion 
chromatography (HPSEC) accessories.  For MT, positive controls for Cu
2+
 and Zn
2+
 ions 
at 0, 5, 10, 25 and 50 µg/L were used.  The exposure tests were conducted in 30 mL 
plastic vials as test vessels.  Each test vessel was filled with 25 mL of sublethal test 
suspension of each metal oxide NPs (as described in the test suspensions preparation 
sections.).  Nine (9) replicates per test concentrations were used and in each replicate 
were 5 individual daphnids (≈5day old).  At the end of the 72 h exposure period, any 
dead organism was excluded and the live organisms for all replicates for each 
concentration were pooled together to give enough mass for the determination of the 
protein and appropriate biomarkers.  Due to large sample size required to get both the 
protein assay and a particular biomarker, each biomarker determined had its own set of 
exposed daphnids.  In this study the biomarkers were normalized to the protein content 
and the protein content was determined by the Bicinchoninic acid (BCA) protein assay 
method.   
 
 
5.1.2.7 Statistics 
The one way ANOVA with Tukey’s pair wise comparisons of means from Origin 
Pro 8.6 software was used to identify the significant differences between means of 
samples with different treatments. The number of replicates was six per sample for 
organism level effects and three (replicates) for cellular level effects. 
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5.2 Results and discussion 
5.2.1 Organism effect (Acute toxicity) 
The acute toxicity results indicated that the suspensions of Fe2O3and TiO2 NPs 
and including those for CuO and ZnO NPs with 2.5 mg C/L NOM in all three test media 
showed virtually no mortalities as such the LC50 and other LC values could not be 
calculated.  The non- mortality observed for Fe2O3 and TiO2 NPs even up to 250 mg/L 
metal oxide could partly be due to NPs settling out of the suspensions (see details in 
section 5.2.1.1) and partly due to inherent non- toxic nature of these metal oxide NPs 
especially at the particle sizes of greater than 100 nm attained due to aggregation. For 
Fe2O3 NPs, several in vitro and in vivo studies have also shown low toxicity of these NPs 
and hence their potential for use in drug delivery (Cheng et al., 2005; Jain et al., 2007; 
Karlsson et al., 2008).  For TiO2 NPs, some studies have shown that these NPs can be 
relatively non toxic up to 500 mg/L (Lovern and Klaper, 2006).  Other studies have 
however, indicated that increasing the exposure periods (over 21 days) with particle sizes 
of TiO2 NPs in the range of what has been used in this study can result in substantial 
mortality to D.magna (Kim et al., 2010).  The non- mortality observed at 2.5 mg C/L 
NOM for CuO and ZnO NPs could be attributed to encapsulation of NPs by NOM 
thereby rendering them non- bioavailable.  
The results for CuO and ZnO NPs suspensions with NOM concentration at 0.5 mg 
C/L and without NOM showed substantial mortality of D.magna. The LC50 values for 
both CuO and ZnO NPs in test suspensions made from DDI water stock suspension for 
all three test media indicated that the toxicity was dependent on the test medium as 
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shown in table 5.1.  The highest toxicity as indicated by the lowest LC50 values for both 
CuO and ZnO NPs was observed in SW and the lowest toxicity (indicated by the highest 
LC50 values) was observed in FETAX solution. The presence of NOM at 0.5 mg C/L 
reduced mortality of D.magna in all the three test media as evidenced by increase in the 
LC50 values.  It was interesting to observe that in FETAX solution the presence of NOM 
did not cause any mortality as such the LC50 values could not be calculated.  Since, the 
ionic strengths of the test media increase in the order: SW(0.003 ) < MHW (0.005 )< 
FETAX solution ( 0.0170) as estimated using Visual Minteq, the test medium based 
reduction observed in toxicity could in part be attributed to increase in metal oxide NPs 
aggregation with increasing ionic strength (as was shown in chapter 3).  The relationship 
between the LC50 and the test medium was shown in figure 5.1. The dissolution results in 
chapter 2 indicated that the dissolution of metal oxide NPs in FETAX solution was low.  
The dissolution of ZnO and CuO NPs in MHW in comparative terms could be described 
to be higher than their dissolution in FETAX solution (see details in section 5.2.1.1) and 
therefore the differences in toxicity between MHW and FETAX solution could partly be 
due to differences in the dissolved metal ions (implying that metal ions are contributing 
to toxicity).  Although in this study no attempts were made to delineate the metal oxide 
NPs toxicity from those of ensuing metal ions, the contribution of metal ions to toxicity 
could not be ruled out, especially with substantial levels of metal oxide dissolution in 
MHW in the presence of organisms (see details in section 5.2.1.1). 
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Table 5.1. 48 h LC50 for CuO and ZnO NPs to D.magna in different test media with test 
suspensions made from the stock suspensions prepared from DDI water. 
Nanoparticle 
type 
SW 
 
MHW FETAX solution 
 
Without 
NOM 
With  
NOM 
Without 
NOM 
With  NOM 
Without 
NOM 
Wi
th  
NO
M 
       
ZnO 1.06 3.43 1.21 3.66 3.75 na 
95 % CI (0.835,1.24) (3.12,4.4
9) 
(0.611,1.73) (2.56,5.46) (3.25,4.32) na 
CuO 1.36 4.62 2.31 6.89 4.96 na 
95 % CI (1.11,1.59) (3.90,5.5
6) 
(1.70,3.01) (4.65,13.8) (4.20,5.94) na 
na means that mortality was too low to calculate LC50. The NOM concentration used 
was 0.5 mg C/L 
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Figure 5.1. The influence of NOM and test media on the 48 h LC50 of CuO and ZnO NPs 
on D.magna. The error bars indicate the standard deviations from six replicates. 
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In this study, we were curious to know the influence that the test media exerts on 
the toxicity of these metal oxide NPs if the test suspensions were prepared from the stock 
suspensions made from each test medium (SW, MHW and FETAX).  The results showed 
that the highest mortality was in SW and the lowest was in FETAX solution (table 5.2).  
However, the comparison of the LC50 values of metal oxide NPs of tables 5.1 and 5.2 for 
each medium showed that the LC50 values from metal oxide NPs suspensions made from 
DDI water stock suspension were lower than the LC50 values of metal oxide NPs 
suspensions made from each medium stock suspensions (statistical difference obtained 
using Tukey’s pair wise comparison of means).  For example, the LC50s for ZnO NPs in 
SW for the test suspension prepared from stocks (suspensions) made from DDI water and 
SW were 1.06 and 1.86 respectively.  The LC50s for CuO NPs in SW for the test 
suspensions prepared from stocks (suspensions) made from DDI water and SW were 1.36 
and 2.00 respectively.  Similar such differences were observed in MHW and in FETAX 
solution for both ZnO and CuO NPs. These differences in the LC50s for the test 
suspensions made from the different stocks (suspensions) reinforce the significance of the 
influence of test media (ionic strength) on metal oxide NPs toxicity and more importantly 
the handling of the stock suspensions.  
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Table 5.2. 48 h LC50 for ZnO and CuO NPs to D.magna in different test media with test 
suspensions made from the stock suspensions prepared in each test medium. 
Nanoparticle 
type 
SW 
 
MHW FETAX solution 
 LC50 95 % CI LC50 95 % CI LC50 95 % CI 
       
ZnO 1.86 1.52, 2.22 3.06 1.91, 
4.82 
na na 
CuO 2.00 1.63, 2.39 3.24 2.21, 
4.77 
na na 
       
na means that mortality was too low to calculate LC50 
LC50s are in units of mg/L metal oxide NPs 
 
 
The use of single endpoint estimate (e.g. median lethal concentration such as 
LC50) for comparing toxicity between two different toxicants or populations is common 
in acute toxicity testing (Oris and Bailer, 1997).  However the use of a single median 
concentration such as LC50 for such comparisons could yield most satisfactory results 
when concentration – response relationships between test populations are parallel (Oris 
and Bailer, 1997).  In some cases, the 95 % confidence intervals of the LC50 values have 
been used to decide whether a set of tests differ based on whether these confidence 
intervals overlapped (Wheeler et al., 2006). Other comparisons may include estimations 
of a series of LC values at specific time endpoints. A detailed comparison of 
concentration-response relationship could provide critical information concerning such 
factors as genetic variation, resistance/resilience among populations of organisms, 
similarity of chemical modes of action among toxicant and relative potency ranking of 
toxicants (Oris and Bailer, 1997).  In order to effectively evaluate the differences in the 
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concentration-responses of the D. magna to different metal oxide NPs treatments in 
different test media in this study, we used the Origin Pro 8.6 software that transformed 
that % mortality experimental data into probits and plotted the probits against the 
concentrations on the log scale to get straight lines with slopes and intercepts.  The results 
of this data analysis were shown in figures 5.2 to 5.4 (more results were shown in figures 
D.5 and D.6 in the appendix).  Each figure showed the intercepts and slopes for each 
medium in the plot of concentration-response relationships for both CuO and ZnO NPs 
suspensions on D.magna.  In general, these figures still led to the same conclusion (as the 
one obtained from using the single point estimate of LC50 to evaluate the toxicity of the 
metal oxide NPs) that the NPs suspensions in SW were more toxic, followed by those in 
MHW and least toxic were those in FETAX solution. However, examination the figures 
5.2 to 5.4 showed that the slopes and intercepts of the plots for the concentration- 
response relationships of D.magna in each medium were different, revealing the 
differences in the potency of the metal oxide NPs in each test medium.  For example, the 
LC50 values for ZnO NPs in SW and MHW (table 5.1) were observed as 1.06 mg/L and 
1.21 mg/L respectively and were not significantly different (using Tukey’s pair wise 
comparison of means), but their slopes were quite different (figure 5.2).  In this case a 
single end point (LC50) would not adequately describe the fundamental differences in the 
toxicity for ZnO NPs in SW and MHW. Even when slopes were not significantly 
different, the use of a detailed comparison of concentration-response relationship would 
reveal critical but subtle differences on the influence of test media to the metal oxide 
NPs.  For example, the slopes for ZnO NPs in SW and FETAX solution as shown in 
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figure 5.2 were not significantly different (but are not parallel either), but their intercepts 
were significantly different. This information could not be revealed by a single point 
estimate. In the case of CuO NPs, all the slopes and intercepts for the different test media 
were different. Even in this case (because the slopes are not parallel), the use of a single 
point estimate could still be inadequate to characterize the relative potency of the CuO 
NPs in these media.  Thus while it may be observed that the toxicity based on LC50 
values of these metal oxide NPs in the different test media follow this trend: SW 
>MHW>FEATAX solution, the same could not be true at any other LC value far below 
or above the median concentration (LC50).  
The results of the influence of NOM on the toxicity of ZnO and CuO NPs in 
different test media were shown in figures 5.3 and 5.4 respectively. These results showed 
that the toxicity of the metal oxide NPs suspensions in the presence NOM at 0.5 mg C/L 
were reduced as evidenced by the reduction in the slopes of the plots of concentration- 
response relationships. Similarly the intercepts were significantly lower in metal oxide 
NPs suspension in the presence of NOM than those for the metal oxide NPs suspensions 
without NOM.  This reduction in the toxicity could be attributed to sorption of NOM to 
metal oxide NPs (chapters 3 and 4 have demonstrated this) and thus making them less 
bioavailable.   
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Figure: 5.2. Concentration-response relationship for (a) ZnO and (b) CuO NPs in 
different test media obtained by using probit transformed data. The first figures in 
parentheses are the intercepts and the last ones are the slopes  
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Figure 5.3. Concentration-response relationship for ZnO NPs in (a) SW and (b) 
MHW obtained by using probit transformed data showing the influence of NOM 
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on metal oxide NPs toxicity. The first figures in the parentheses are the intercepts 
and the last ones are the slopes. 
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Figure 5.4. Concentration-response relationship for CuO NPs in (a) SW and (b) 
MHW obtained by using probit transformed data showing the influence of NOM 
on metal oxide NPs toxicity. The first figure in the parentheses is the intercept and 
the last figure is the slope.  
 
 
 5.2.1.1 Dissolved and suspended metal ions in MHW test suspensions   
The majority of the manipulative toxicity tests in aquatic toxicology are carried 
out in the artificially constituted MHW.  For this reason a detailed study on aggregation 
(all four metal oxide NPs) and dissolution (ZnO and CuO NPs) behavior of NPs 
suspension was conducted.  The first part of this study involved confirmatory tests on the 
prepared NPs suspensions (determining how actual compared with nominal 
concentrations) and aggregate size measurement by DLS.  The second part involved 
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determining the initial (immediately after preparation) and final (after 48 h) metal oxide 
NPs in suspensions and aggregate size measurement by DLS. The third part involved 
determining the amount the dissolved metal ions in the suspensions at the end of the 48 h 
period (both suspensions made from DDI stocks and MHW stocks).  The last part 
involved determining and comparing the dissolution of metal oxide NPs in the presence 
and absence of organisms.  The TiO2 and Fe2O3 NPs were excluded in the dissolution 
parts of this study due to their low dissolution (as seen in chapter 2).  These tests were 
carried out as described in the method section. The DLS measurements showed highly 
aggregated ZnO and CuO NPs with size ranges outside the measuring range (2 nm to 
3000 nm). The DLS measurements for TiO2 and Fe2O3 NPs showed that the aggregates 
were within the measurable range albeit with average aggregates sizes on the higher side 
(1600 nm to 2800 nm). The results for confirmatory tests, for the initial and final NPs 
suspensions determined for these metal oxide NPs were shown in tables 5.3 and 5.4. The 
results indicated that the nominal concentrations were close to the actual concentrations. 
Thus when great care is taken in the preparation of metal oxide NPs suspension, the 
nominal and the actual would be operationally close.  
The changes in the concentrations of the metal oxide NPs remaining in the 
suspension at the end of 48 h (exposure duration) varied greatly among the metal oxides. 
As shown in figure 5.5, the lowest nominal concentration (1 mg/L for ZnO and CuO NPs, 
and 50 mg/L for TiO2 and Fe2O3 NPs) for each metal oxide NPs had the highest NPs 
remaining in suspension by the end of the 48 h period. This could be attributed to the fact 
that at low particle loading aggregation of NPs in suspension is less extensive compared 
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to high particle loading as was demonstrated in chapter 3.  Overall ZnO had the highest 
NPs remaining in suspension. For example the lowest nominal concentration (1 mg/L 
metal oxide) without NOM for ZnO NPs had about 80 % of NPs in suspension by the end 
of 48 h, while the highest nominal concentration (10 mg/L metal oxide) without NOM  
had about 40 % of NPs in suspension. For CuO NPs, the lowest nominal concentration (1 
mg/L metal oxide) without NOM had about 25 % of NPs in suspension by the end of 48 
h, while the highest nominal concentration (10 mg/L metal oxide) without NOM  had 
about 11 % of NPs in suspension. Furthermore, the results (figure 5.5) indicated that the 
presence of NOM increased the amount of metal oxide NPs in suspension for both ZnO 
and CuO NPs.  Among all metal oxide NPs, TiO2 had the lowest percentage of NPs in 
suspension by the end of the 48 h period. At 50 mg/L it had about 20 % of NPs in 
suspensions, while at 250 mg/L it had about 9 % of NPs remaining in solution by the end 
of the 48 h period. 
The dissolved metal ions at the end of the 48 h “exposure period” were 
determined for each test concentration for both CuO and ZnO NPs and the results were 
shown in table 5.5 for the suspensions made from DDI stocks (for suspensions from 
MHW stocks see table D.1 in the appendix).  The dissolved metal ions were expressed as 
percentages in two ways as shown in figure 5.6(using table 5.5).  First, they were 
expressed as a percentage of the initial metal ions present in the suspensions and secondly 
as a percentage of the final metal ions present in the suspensions.  Close examination of 
figure 5.6 revealed that dissolution of the metal ions in suspensions was much higher at 
low particle loading (low particle concentration) than at higher particle loading. When 
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taken together, figures 5.5 and 5.6 revealed that a larger proportion of ZnO NPs present 
in the suspensions were in the dissolved form.  For CuO NPs, a relatively small 
proportion of the NPs present in the suspensions were in the dissolved form. These 
results suggest that dissolved ions from both ZnO and CuO NPs to contribute to the 
observed toxicity of D.magna.  The results further indicated that the dissolution is 
somewhat lower for the suspensions made from the MHW stocks compared to the 
suspensions from the DDI stocks (compare tables 5.5 and D.1). This is an indication that 
the stock suspensions undergo dissolution.  
The results of the dissolution of metal oxide NPs in the presence and absence of 
organisms were shown in table 5.6. In this part of the study we were curious to know the 
influence of organisms on the dissolution of metal oxide NPs. The results interestingly 
showed that both ZnO and CuO NPs dissolve much more in the presence of organisms 
than in the absence of organisms. The increase in metal oxide NPs dissolution in the 
presence of organisms could partly be attributed to the organic matter that is excreted by 
the organisms (Auffan et al., 2009; Slowey, 2010). The presence of organisms could also 
change the reduction-oxidation reactions and thereby fundamentally altering the 
solubility of metal oxide NPs (Auffan et al., 2009). Whether the increased dissolution of 
the metal oxide NPs in the presence of organisms could translate into increased toxicity 
was not investigated in this study. However, increase in metal oxide NPs could lead to 
increased release of metal ions and ultimately increase in toxicity (Auffan et al., 2009).  
Visual Minteq in chapter 2 demonstrated that the presence of free metal ions would 
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depend on the composition, pH and organic ligands of aqueous solution. The pH of 
D.magna in its gut was not investigated in this study. 
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 Table 5.3. The confirmatory data for suspensions for ZnO and CuO NPs used for the 
acute toxicity tests on D.magna 
Nominal 
Conc. 
(mg/L) 
Initial Initial Initial Final Final Final 
Without 
NOM 
 
0.5mgC/L 
NOM 
2.5mgC/L 
NOM 
Without 
NOM 
 0.5mgC/L 
NOM 
2.5mgC/L 
NOM  
ZnO 
 
1.0 0.787 0.781 0.733 0.634 0.727 0.693 
2.0 1.522 1.523 1.424 0.966 0.952 1.044 
5.0 3.391 3.920 3.862 1.076 1.709 1.785 
10.0 6.513 7.095 7.048 2.470 3.179 3.488 
 
CuO 
1.0 0.562 0.928 0.750 0.141 0.277 0.306 
2.0 1.333 1.677 1.539 0.309 0.578 0.614 
5.0 3.107 3.955 3.757 0.560 0.899 1.287 
10.0 6.867 7.732 7.377 0.718 2.481 2.670 
The nominal concentrations are in mg/L metal oxide NPs. The rest of the concentrations 
are mg/L metal ions. Cu and Zn metals are 0.80 and 0.81 of their metal oxides 
respectively.  
 
 
 
Table 5.4.  The confirmatory data for TiO2 and Fe2O3 NPs used for the acute toxicity tests 
on D.magna 
Nominal 
Concentration. 
(mg/L) 
Initial Final 
Concentration 
(mg/L) 
Concentration 
(mg/L) 
TiO2 
 
50.0 62.5 14.4 
100.0 103.4 15.2 
150.0 158.5 20.7 
250.0 247.5 22.8 
 
Fe2O3 
50.0 53.3 21.5 
100.0 103.4 22.4 
150.0 146.5 22.7 
250.0 255.0 26.3 
All concentrations (nominal, initial and final) are in mg/L NPs 
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Table 5.5. Metal ions in suspension and dissolved for ZnO and CuO NPs used for the 
acute toxicity tests for suspensions made from DDI water stock 
Nominal 
Concentration. 
(mg/L) 
Initial 
concentration 
Final 
concentration 
Final concentration 
Metal ions in 
suspensions 
Metal ions in 
suspensions 
Dissolved metal 
ions in suspensions 
ZnO 
 
1.0 0.787 0.634 0.557 
2.0 1.522 0.966 0.850 
5.0 3.391 1.076 0.938 
10.0 6.513 2.470 1.102 
 
CuO 
1.0 0.562 0.141 0.007 
2.0 1.333 0.309 0.013 
5.0 3.107 0.560 0.015 
10.0 6.867 0.718 0.026 
Nominal concentrations are mg/L metal oxide NPs 
The initial and final metal ions concentrations are in mg/L metal ions 
 
 
 Table 5.6. Dissolved metal ions in suspension with and without organisms  
Nominal 
Concentration. 
(mg/L) 
Suspensions Suspensions 
Concentrations 
without organisms 
Concentrations with 
organisms 
ZnO 
 
1.0 0.6623 0.6933 
2.0 1.005 1.166 
5.0 1.101 1.4200 
10.0 1.230 1.6125 
 
CuO 
1.0 0.01273 0.01288 
2.0 0.01947 0.02257 
5.0 0.02280 0.03828 
10.0 0.02372 0.04785 
Nominal concentrations are mg/L metal oxide NPs 
The concentrations with and without organisms are in mg/L metal ions 
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© 
Figure 5.5. Percentage of metal oxide NPs suspension remaining in solution at the 
end of 48 h exposure period (a) CuO NPs, (b) ZnO NPs and (c) TiO2 and Fe2O3 
NPs . The NPs of CuO and ZnO also had suspensions with dissolved NOM. The 
error bars indicate standard deviation from two replicates. 
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Figure 5.6. Dissolved metal ions as percentage of initial and final concentration of 
metal oxide NPs in suspensions at the end of the 48 h exposure period: (a) ZnO 
NPs and (b) CuO NPs. The error bars indicate standard deviation from two 
replicates. 
 
 
 
 
201 
 
5.2.2 Cellular level effect (Sublethal toxicity) 
5.2.2.1 Glutathione - S- transferase (GST) 
The effects of metal oxide NPs on GST to D.magna were studied using three 
metal oxide NPs (CuO, ZnO and TiO2). For CuO and ZnO NPs, the test suspensions were 
prepared from two different stock suspensions (DDI and MHW) as described in the 
method section.  For TiO2 the suspensions were prepared from DDI stock suspension. 
The one way ANOVA with Tukey’s pair wise comparisons of means from origin Pro 8.6 
software was used to identify whether there were significant differences in the responses 
of D.magna to different treatments of each metal oxide NPs and also in identifying 
whether the presence of NOM reduced the toxic effects compared to the suspensions 
without NOM made from DDI and MHW stocks suspensions.   The results for CuO and 
ZnO NPs were shown in figures 5.7 and 5.8 respectively. The results indicated that there 
was a concentration dependent decrease in the GST enzyme activity for both CuO and 
ZnO NPs.  There are a few studies reported in literature that have looked at the effect of 
NPs on GST activity on D. magna.  Some of these studies (Kim et al. 2010; Klaper et al., 
2009) have observed increased activity of GST after exposing D.magna to sublethal 
concentrations of NPs suspensions.  Other researchers (Salazar-Medina et al., 2010; Loro 
et al., 2012) have observed a decrease in the GST enzyme activity in some aquatic 
organisms with metal ions.  Generally, GST enzymes have a variety of functions and a 
diversity of mechanisms of actions (Sheehan et al., 2001; Salazar-Medina et al., 2010) 
and could also display some peroxidase activity (Barata et al., 2005). The decrease in 
GST activity observed in this study could be explained in the following way: Initially 
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when reactive oxygen species (ROS) are generated by the NPs, the GST enzymes are 
engaged to detoxify the ROS and prevent the oxidative stress. But this detoxification 
mechanism involves the oxidation of the thiol groups (formation of disulfide bonds) 
which makes the enzymes lose its functionality (Letelier et al., 2006). To maintain the 
functionality and the level of these GST enzymes, GSH is required to restore the oxidized 
thiol groups of the GST enzyme to the reduced state and thereby keeping the enzyme 
functional and at almost the required constant physiological level (Curtis Klaassen, 
2008). However, GSH is also susceptible to oxidation and could also be simultaneously 
be oxidized as GST enzymes are being oxidized. When this happens, both GST and GSH 
are inactivated.  This could also occur particularly when ROS production is increased and 
the defense capability of the organism is overwhelmed (Barata et al., 2005), leading to 
complete enzyme inactivation and protein destruction.  For this reason both oxidized 
GSH and lipid peroxidation (measured as TBARs) were also measured in this study (see 
details later). The inactivation of GST enzymes could also proceed through the non- 
specific binding of metal ions to the thiol groups of the GST molecules forming metal 
thiolate clusters whose conformation is different from non- bound thiol groups and this 
change in structure affected function (Letelier et al., 2006; Salazar-medina et al., 2010). 
The latter mechanism of GST enzyme inactivation could probably be due to the 
substantial dissolution of metal oxide NPs that released metal ions.  The effect of NOM 
on the metal oxide NPs’ ability to inactivate GST enzyme was compared to the 
suspensions of both CuO and ZnO NPs made from DDI and MHW stocks suspensions 
without NOM. The comparison was done by normalizing the treatment results to the 
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control results for each metal oxide NPs and the results were shown in figure 5.9.  The 
data demonstrated that NOM reduced the GST inactivation.  The results further showed 
that the suspensions made from the MHW stock suspensions had reduced effect on GST 
inactivation when compared to the suspension made from the DDI water suspensions. 
The reduction in the toxic effects of NPs in the presence of NOM could be attributed to 
the sorption of NOM to NPs and scavenges some free metals ions hence the reduction in 
toxicity.  The reduced effect of GST inactivation by the suspensions made from the 
MHW stock suspensions could be attributed to the increased aggregation and decreased 
dissolution. The results for TiO2 NPs showed that there was no change in the activity of 
GST after 72 h exposure period at all concentrations used except at 10 mg/L where there 
was a decrease in GST activity (figure D.7 in the appendix). This could probably be 
attributed to the differences in the aggregation kinetics at different particles loadings, 
thereby producing aggregates of different fractal dimensions with different 
characteristics. However, at 1 mg/L TiO2 NPs, there were probably not enough particles 
to cause any changes to the GST activity, at least over the exposure period of 72 h used in 
this study.  
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Figure 5.7. GST activity response in D.magna to CuO NPs. The error bars 
indicate standard deviation from three replicates. 
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Figure 5.8. GST activity response in D.magna to ZnO NPs. The error bars 
indicate standard deviation from three replicates 
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Figure 5.9: The influence of NOM on metal oxide NPs on GST inactivation on 
D.magna: (a) CuO NPs, (b) ZnO NPs.  The error bars indicate standard deviation 
from three replicates. 
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5.2.2.2 Oxidized glutathione (Ox. GSH) 
In this study, after observing the inactivation of GST by NPs, we were curious to 
know whether the metal oxide NPs through their oxidative stress could affect the levels 
of glutathione in D.magna by converting the reduced forms (GSH) to the oxidized forms 
of glutathione (GSSG).  We used the same metal oxide NPs concentrations as those used 
for the study of GST. However, only test suspensions from DDI water stock both with 
and without NOM were used.  In this part of our study, TiO2 NPs were excluded.  The 
results of this study were shown in figures 5.10 and 5.11. Consistent with our 
expectation, the results showed that both CuO and ZnO NPs caused a concentration 
dependent oxidation of glutathione as evidenced by the increase in the oxidized form of 
GSH. These results confirmed that the ROS generated could lead to the oxidation of the 
thiol groups of compounds that have peroxidase activity, for which both GSH and GST 
enzymes often express (Sheehan et al., 2001). The inactivation of GSH could also take 
place if the metal ions bind to the thiol group of GSH. This could mean that the total 
extent of GSH depletion would be a sum of oxidized GSH and metal bound GSH.  
However, the method of determining the oxidized GSH which we used in this study was 
not able to determine the amount of GSH that forms thiolate bonds with metals. To be 
able to do that the method would need modification by introducing 
ethylenediaminetetraacetic acid (EDTA) as a metal chelator (scavenger).  Therefore this 
method could be viewed as a non specific indicator of oxidative stress as the mode of 
toxic action by the NPs or any other toxicant. We also examined the mitigative role of 
NOM to the GSH oxidation by the metal oxide NPs to D.magna. The results were 
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obtained by normalizing the treatment results to the control results for each metal oxide 
NPs.  The results demonstrated that for both CuO and ZnO NPs, the presence of 0.5 mg 
C/L NOM showed reduced effects of GSH oxidation (figure 5.12).  As expected this 
could be attributed to the sorption of NOM to NPs and thereby rendering the NPs less 
bioavailable. Once the reduced GSH has been converted into oxidized form, its ability to 
reduce oxidative stress could be lost and hence this could lead to increased ROS and 
eventual increase in lipid peroxidation.  
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Figure 5.10:  Oxidized glutathione response in D.magna to CuO NPs. The error 
bars indicate standard deviation from three replicates. 
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Figure 5.11: Oxidized glutathione response in D.magna to ZnO NPs. The error 
bars indicate standard deviation from three replicates. 
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Figure 5.12: The influence of NOM on metal oxide NPs on oxidized GSH 
generation on D.magna: (a) CuO NPs, (b) ZnO NPs. The error bars indicate 
standard deviation from three replicates. 
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5.2.2.3 Thiobarbituric acid reacting substances (TBARs) 
In our continued effort to understand the extent to which exposure of D.magna to 
metal oxide NPs could cause oxidative stress, we measured the malondialdehyde (MDA) 
on D.magna juveniles after exposing them sublethal concentration of metal oxide NPs. In 
this part of our study, we used three metal oxide NPs (CuO, ZnO and TiO2). For CuO and 
ZnO NPs, the test suspensions were prepared from two different stock suspensions (DDI 
water and MHW) as described in the method section.  For TiO2 NPs, the suspensions 
were prepared from DDI stock suspension. MDA is one of the lipid breakdown products 
and is considered an indicator of lipid peroxidation (Barata el., 2005). The MDA was 
measured using TBARs. The results indicated that both CuO and ZnO NPs caused lipid 
peroxidation at the suspension concentrations used in this study (figures 5.13 and 5.14).  
As would be expected the results indicated a concentration related increase in the amount 
of MDA generated. This was a demonstration and a reaffirmation of the fact that NPs 
(metal oxide NPs) caused toxicity through oxidative stress. When ROS such superoxide 
anion, hydroxyl radical and peroxide radicals are generated, they could be detoxified by 
antioxidants such GSH, glutathione peroxidase and GST.    However, when these 
antioxidants are inactivated (as seen above) or overwhelmed, the ROS eventually causes 
lipid peroxidation. The lipid peroxidation leads to production of organic hydroperoxides 
which could breakdown into a variety of organic substances including MDA (Barata el., 
2005). This could create a cyclic destructive pathway, because some of the breakdown 
products are electrophilic in nature and therefore could lead to further production of ROS 
and hence increased lipid peroxidation with consequential death to an organism. The 
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effect of NOM on metal oxide NPs’ ability to cause lipid peroxidation was compared to 
the suspensions of both CuO and ZnO NPs made from DDI and MHW stocks without 
NOM. The comparison was done by normalizing the treatment results to the control 
results for each metal oxide NPs and the results were shown in figure 5.15.  The data 
indicated that NOM reduced the generation of MDA at all treatments for both CuO and 
ZnO NPs. The results further showed that there were significant differences between the 
effect of NPs test suspensions from DDI water and MHW stock suspensions. These 
results were similar to the acute toxicity results that showed that the two different test 
suspensions had significantly different LC50 values (even slopes and intercepts were 
different). The reduction of MDA generation after exposure of D.magna to the ZnO and 
CUO NPs in the presence of NOM at 0.5 mg C/L could be due to sorption of NOM to 
NPs which reduces bioavailability of NPs. The results for TiO2 NPs showed no effect of 
MDA generation at the concentrations and duration used in this study. 
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Figure 5.13:  MDA in D.magna when exposed to nCuO NPs.  The error bars 
indicate standard deviation from three replicates 
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Figure 5.14: MDA in D.magna when exposed to nZnO NPs.  The error bars 
indicate standard deviation from three replicates 
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Figure 5.15: The influence of NOM on metal oxide NPs on MDA generation on 
D.magna: (a) CuO NPs, (b) ZnO NPs. The error bars indicate standard deviation 
from three replicates 
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5.2.2.4 Metallothionein  
 There are few studies reported in literature that have looked at the induction of 
MT in organisms by NPs (Dual et al., 2012; Farmen et al., 2012; Gomes et al., 2012). In 
this study we undertook to investigate the possibility of CuO and ZnO NPs in inducing 
MT in D.magna. A variety of methods that could be used to estimate and quantify MT 
are described in literature. However, each of these methods has its own challenges. In this 
study, an HPSEC method was used and it was a hybrid of several other methods as 
described in the method section. In trying to ascertain that the method selected could 
work, a series of MT standards were run using two different brands of columns, the 
Waters column and the YMC columns and their resolutions on the MT standards were 
compared as shown in figure 5.16. Additionally, an HPLC protein standard mixture 
purchased from Sigma-Aldrich was run using both the Waters and YWC columns. The 
main objective was to see if the columns would be able to separate complex protein 
samples and the results obtained were shown in figure 5.17.  When we examined the 
performance of both columns on the MT standards it was clearly that both columns 
would perform satisfactorily. The columns were also able to separate the complex 
proteins mixture. Based on these separations we proceeded to analyze the samples. The 
results of MT induction from D.magna by CuO and ZnO NPs exposure were shown in 
figure 5.18.  Both CuO and ZnO NPs were observed to induce MT on D.magna.  Other 
researchers working with CuO NPs, though with different organisms (mussels Mytilus 
galloprovincialis) were also able to observe the MT induction by the metal oxide NPs 
(Gomes et al., 2012). The induction of MT on organisms is known to be due to metals, 
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growth hormones, temperature and oxidative stress (Dallinger et al., 2004; Shaw-Allen et 
al., 2005). It was interesting to have observed in this study that metal oxide NPs could 
induce the up regulation of MT in D.magna. It was however, not known for sure to what 
extent the metal ions (due to dissolution) contributed to this phenomenon. We were also 
curious to know the extent to which metal ions such Cu
2+
and Zn
2+
 could differ with metal 
oxide NPs in the induction of MT to D.magna. The metal ions were generally used as 
positive controls in MT induction.  The effect of NOM on the metal oxide NPs and metal 
ions induction of MT was compared with metal oxide NPs and metal ions without NOM. 
This was done by normalizing the treatment signals to that of the controls and the results 
were shown in figure 5.19. The results indicated that NOM has a mitigative role as was 
evidenced by the reduction in the induction of MT in treatments that had NOM.  
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Figure 5.16: The MT calibration standard separation comparison between 
the Waters and YMC columns  
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Figure 5.17:  The standard protein mixture separation comparison between 
the Waters (after being in use for a long time) and YMC (new) columns 
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Figure 5.18: MT induction in D.magna by metal oxide NPs. The error bars 
indicate standard deviation from two replicates  
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Figure 5.19: The influence of NOM on metal oxide NPs on MT induction on 
D.magna: (a) CuO NPs and Cu
2+ 
ions, (b) ZnO NPs and Zn
2+
 ions. The first 
numbers of exposure concentration represent the concentration for metal oxide 
NPs (mg/L) and the second numbers represent the metal ion concentration 
(ppb).The error bars indicate standard deviation from two replicates 
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5.3 Conclusion 
The study of the toxicity of four metal oxide NPs was divided into two parts; the 
organism level that focused on the acute toxicity and the cellular level which focused on 
the “early warning systems”, the biomarkers. Additionally, this study examined the 
persistence of the NPs in suspensions and the proportion of NPs suspensions that existed 
in the dissolved form and dissolution of the metal oxide NPs in the presence of 
organisms.  For organism level, the results indicated that the suspensions of Fe2O3and 
TiO2 NPs and including those for CuO and ZnO NPs with 2.5 mg C/L NOM in all three 
test media showed virtually no mortalities as such the LC50 and other LC values could not 
be calculated. For ZnO and CuO NPs without NOM and those with 0.5 mg C/L NOM 
showed significant mortality. Toxicity was observed to be highest in SW, followed by in 
MHW and was least in FETAX solution. The presence of NOM significantly reduced the 
toxic effects of these metal oxides NPs. The use of detailed comparison of concentration-
response relationship using probit analysis helped reveal subtle but critical differences in 
the toxicity of ZnO and CuO NPs in different test media.  
After preparation the suspensions of the metal oxide NPs would quickly aggregate 
and sediment leaving only small amounts of NPs in the suspensions. The sedimentation 
was observed to be higher at the higher particle loading. Among the metal oxide NPs 
examined, ZnO NPs had the highest proportion of the NPs in the suspensions and TiO2 
NPs had the lowest. It was further observed that the larger proportion of the ZnO NPs in 
the suspensions was in the dissolved form. The presence of NOM was observed to 
increase both the proportion of NPs in suspension and in the dissolved form. The 
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organisms were interestingly found to increase the dissolution of the ZnO and CuO NPs 
presumably due to organic matter exudates and changes in the reduction-oxidation 
potential of the suspension systems. Furthermore, the dissolution of metal oxide NPs in 
suspensions made from the DDI water stock suspensions were higher than the dissolution 
from suspensions made from the MHW stock suspensions.  For the cellular level, the 
results indicated that the suspensions for ZnO and CuO NPs showed inactivation of GST, 
increased levels of malondialdehyde (MDA) measured as TBARs, increased oxidized 
GSH and induction of MT. The presence of dissolved NOM drastically reduced these 
effects. In view of increased dissolution of both ZnO and CuO NPs in the presence of 
organisms, the observed toxicity could be attributed to the contribution from both NPs 
and metal ions  
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CHAPTER 6:  SUMMARY, CONCLUSIONS AND FUTURE RESEARCH 
 
6.1 Summary 
The dissolution and aggregation of metal oxide NPs in aqueous solution presents 
several challenges to aquatic nanotoxicologists, not only because both processes alter 
abundance and hence toxicology of NPs, but also that effective assessment and the 
correct interpretation of effects of the NPs become difficult.  There is likely to be an 
effect on the uptake mechanisms due increase particle sizes or presence o0f free metal 
ions.  The released ions could undergo hydrolysis/complexation processes resulting in 
new species with entirely different toxicology. There could be a creation of additive 
/synergistic effects due to ions/NPs, ions/aquo/hydroxo/ligand complexes and NPs-
polymer conjugates in aquatic organisms. The aggregated NPs could settle in the 
sediments creating unpredictable consequences to the benthic organisms (Scown et al., 
2010).  These challenges as Misra et al., (2012) observed, require systematic approach to 
correctly interpret the biological response due to exposure to NPs.  Moreover, the extent 
to which the processes of dissolution and aggregation would occur largely depend on 
various factors such as pH, ionic strength and solution components that may act as 
adsorbates or ligands and as well as particle characteristics (Misra et al., 2012).  
Therefore the approach that was taken in this study was to take the complexity of the 
interplay of these issues into account. As a result the overall objective of this study was to 
understand the dissolution and aggregation behavior of the four metal oxide NPs (nZnO, 
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nCuO, nFe2O3 and nTiO2) in aqueous solution, and relate this behavior to ensuing 
toxicity to D.magna. The dissolution of NPs in DDI water, FETAX solution, and 
solutions of varying pH, ionic strength and NOM content was investigated.  The 
distribution of different species from the dissolved metal oxides NPs was modeled by 
Visual Minteq.  Visual Minteq was also used to model dissolution of metal oxide NPs in 
both closed and open systems. The double exponent dissolution rate model was used to 
predict dissolution and equilibrium dissolution. 
In this study, we also investigated the aggregation behavior and fractal 
dimensions of the metal oxide NPs in DDI water, FETAX solution, and solutions of 
varying pH, ionic strength and NOM content.  The fractal dimensions were investigated 
in suspensions of different particle loading, NOM content, varying pH, varying ionic 
strength and different fluid stress.  We correlated the extent of aggregation to the fractal 
dimensions of the aggregates.  This could potentially provided valuable information in 
understanding the likely impact of aggregation on the permeability, settleability and 
ultimately on fate of the NPs in the aquatic medium (Selomulya et al. 2004; Baalousha et 
al., 2008; Scown et al., 2010).  
Both the dissolution and aggregation investigations indicated the significance of 
NOM in influencing dissolution and in aiding the NPs dispersion. Given that NOM is 
ubiquitous in the aquatic environments, it was considered necessary to conduct a detailed 
investigation into the interaction of NOM with NPs in aqueous solution.  Therefore, the 
influence of the NOM on NPs dispersion at different pH values was investigated using 
TiO2 NPs selected due to its low dissolution over a wide pH range. Furthermore, sorption 
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studies of NOM to TiO2 NPs at different pH values were conducted and the sorption data 
obtained was used to interpret the dispersion results. The sorption data was also fitted on 
the nonlinear Langmuir model in order to explain the mechanisms of NOM adsorption to 
the TiO2 NPs.  Some studies have indicated that NOM can mitigate NPs toxicity while in 
some cases can enhance NPs toxicity to organisms depending on the size fractions 
present and the environmental conditions (Wang et al., 2010). We therefore examined the 
possible fractionation of NOM upon sorption to NPs.  The emphasis was placed on the 
influence of the commonly encountered environmental conditions such as pH and ionic 
strength including the NOM concentration.  
As part of the overall objective of understanding the behavior of the metal oxide 
NPs in aqueous solutions, the toxic effects of all the four metal oxides NPs on D.magna 
were assessed. The study examined the NPs toxicity at two levels of biological 
organization: organism level in which the measurable endpoint was mortality (LC50) and 
the cellular levels with four biomarkers (GST, TBARs, Oxidized GSH and MT) being 
used as measurable endpoints. For the organism level, the emphasis was placed on the 
effects of ionic strength (test medium) and NOM on the metal oxide NPs toxicity.  For 
the cellular level effects, only the effectiveness of NOM in mitigating NPs toxicity was 
examined in MHW only.  The biomarkers were considered critical in this study as they 
could indicate the mechanisms of toxic action by the metal oxides NPs and could serve as 
early warning system for NPs effects on organisms.  Additionally, the dissolution of ZnO 
and CuO NPs (Fe2O3 and TiO2 NPs were excluded due to low dissolution) in test 
suspensions with and without organisms was examined so as to understand whether the 
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presence of organisms in metal oxides NPs suspensions affected dissolution of these 
metal oxide NPs and also  to assess whether metal ions contributed to any observed 
effects.  
 
 
6.2 Conclusions 
The dissolution study showed that different metal oxides NPs have different 
dissolution rates and hence different solubility profiles.  The factors that affect 
dissolution were shown to have different influences on different metal oxide NPs.  For 
example while low pH and high NOM concentration were observed to increase 
dissolution for CuO and ZnO NPs, these factors had minimal influence on Fe2O3 and 
TiO2 NPs. Similarly, the dissolution rates results suggest that ZnO NPs have higher 
dissolution in the low ionic strength than in higher ionic strength, however, the 
dissolution of the other metal oxide NPs was observed not to be influenced by ionic 
strength.  Interestingly, Visual Minteq model results showed that ionic strength had little 
effects on the dissolution of all the metal oxide NPs used in this study.  Furthermore, 
Visual Minteq model showed that the distribution of different dissolved metal oxide NPs 
species was regulated by pH and presence of ligands as shown in figures A.14 to A.16 in 
the appendices.  Additionally, while the two exponent dissolution rate model 
corroborated all the experimental data, Visual Minteq corroborated the dissolution data 
for ZnO and CuO NPs only. The experimental data for Fe2O3 and TiO2 NPs were higher 
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than that form Visual Minteq. The inclusion of carbon dioxide in the Visual Minteq 
model showed that the dissolution of CuO and ZnO NPs increases especially at pH values 
greater than pH 7.0.  
The aggregation study showed that the aggregation patterns of the metal oxide 
NPs were greatly influenced by ionic strength and NOM concentration.  While increased 
ionic strength promoted high aggregation, the increase in NOM content reduced 
aggregation and appeared to enhance particle dispersion. The increased and decreased 
(dispersion of particles) aggregation could affect the fate of the NPs in the aquatic 
environment and ultimately would have toxicological implications for benthic and 
pelagic organisms respectively.  The results of the fractal dimensions of metal oxide NPs 
suggest that there is a relationship between the extent of aggregation and the fractal 
dimension. The Highly aggregated systems were observed to have relatively smaller 
fractal dimensions, while less aggregated ones were observed to have relatively larger 
fractal dimensions. The results further indicated that the presence of NOM increased the 
values of fractal dimensions in a concentration based manner. The low and high particle 
loading were observed to have relatively lager and relatively smaller fractal dimensions 
respectively.  When suspensions of different particle loadings (5, 20 and 100 mg/L) with 
ionic strengths of 0.01 and greater, were subjected to different fluid stress, their fractal 
dimensions were observed to be larger than the fractal dimensions of the same 
suspensions that were not subjected to any fluid stress (quiescent conditions), a situation 
that was attributed to restructuring.  The fractal dimension could give guidance on the 
permeability and settleability of aggregates, however, as Pendleton et al., (2005) argued, 
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the fractal dimension in addition to lacunarity would provide a satisfactory tool for 
assessing the characteristics of the aggregates and aggregating systems.  
The dissolved NOM was observed to sorb to NPs and this sorption was 
responsible for the reduction in the NPs aggregates sizes (dispersion).  The amount of 
NOM sorbed was observed to be highest at low pH (pH4.50) and lowest at high pH (pH 
8.50).  However, the data suggest that increased NPs dispersion was higher at higher pH 
than at lower pH.  This was attributed to electrostatic repulsion of negatively charged 
NOM molecules at higher pH values.  The study also demonstrated that NOM undergoes 
fractionation upon sorption and that pH and ionic strength could greatly enhance the 
NOM fractionation. The data further suggest that there could be an NOM concentration 
per given sorbent concentration at which fractionation could be optimum.  The 
fractionation after sorption was equally demonstrated by both the absorbance and 
fluorescence spectrometry through decrease in SUVA280 and increase in fluorescent 
intensity respectively. 
The organism level effects of the metal oxide NPs demonstrated that TiO2, Fe2O3 
NPs including CuO and ZnO NPs at 2.5 mg C/L NOM were observed to have no 
mortality to D.magna.  However, ZnO and CuO NPs with and without NOM (0.5 mg 
C/L) were observed to have significant mortality to D.magna. The mortality was 
observed to be highest in SW, followed by in MHW and was least in FETAX solution.  
The cellular effects demonstrated that both ZnO and CuO NPs caused the inactivation of 
GST, increased levels of MDA, increased oxidized GSH and induction of MT.  However, 
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in the presence of NOM at 0.5 mg C/L the cellular effects were observed have been 
reduced.  
The examination of the dissolution and aggregation of the metal oxides NPs in the 
MHW test medium, using test medium conditions indicated that there was substantial 
dissolution and aggregation for both metal oxides NPs.  In both cases, the fraction of the 
dissolved NPs was greater at lower particles loading than at higher particle loading.  For 
aggregation, there was higher aggregation and sedimentation observed at higher particle 
loading than at lower particle loading. Interestingly, the proportion of NPs in suspensions 
that was in the dissolved form was higher for ZnO NPs than for CuO NPs. The presence 
of organisms in suspensions of CuO and ZnO NPs were shown to increase the dissolution 
of both metal oxide NPs. Thus these observations suggest that the contribution of both 
ZnO and CuO NPs toxicity to D.magna is from NPs and as well metal ions  
 
 
6.3 Future Research 
The work on fractal dimensions to completely characterize aggregating systems 
currently still lacks a critical component, the lacunarity. The current methods that are 
used to estimate lacunarity still have limitations and problems, particularly with 
application universality (Smith et al., 1996; Pendleton et al., 2005). Therefore there is 
need to improve or develop methods of determining the lacunarity. There are several 
techniques that are used to determine fractal dimensions of aggregates. These include 
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laser static light scattering, imaging and sedimentation. There are no studies that have 
been conducted to examine and compare the similarities or differences of the fractal 
dimensions obtained by these different techniques on the same or similar aggregating 
systems (Jarvis et al., 2005).  Furthermore there is need to establish the relationship 
between the degree of aggregation of metal oxide NPs, their fractal dimensions, their 
lacunarity and their toxicity 
The interaction of NOM with NPs could be influenced by several other factors 
that could influence the conformational changes and hence the behavior of NOM 
(McKnight et al., 2001; Chen et al., 2003; Swietlik and Sikorska, 2005).  These 
conformation changes could in turn affect the optical properties of NOM such as 
fluorescence.  Therefore investigating how for example the co-ordination of NOM with 
divalent metal cations that are ubiquitous in the aquatic environment such as Ca
2+
 could 
affect the sorption to NPs at different solution conditions would be needed.  
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Appendix A 
Dissolution and speciation of metal oxide NPs 
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Figure A.1. Dissolution curves of metal oxide NPs in DDI water (a) ZnO 
NPs, (b) CuO NPs, (c) Fe2O3 NBPs and (d) TiO2 NPs. The error bars 
indicate the standard deviation of two replicates. 
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Figure A.2. Dissolution curves of metal oxide NPs in FETAX solution (a) 
ZnO NPs, (b) CuO NPs, (c) Fe2O3 NBPs and (d) TiO2 NPs. The error bars 
indicate the standard deviation of two replicates. 
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Table A.1: The equilibrium predicted concentration for the dissolution of metal oxide 
NPs using a two exponential dissolution model. 
NP type 
DDI water FETAX solution 
Experimental 
(mg/L)  
Predicted 
(mg/L) 
Experimental 
(mg/L)  
Predicted 
(mg/L) 
 
CuO 
 
 
2.24 
 
2.29 
 
0.044 
 
0.098 
 
ZnO 
 
 
11.64 
 
12.65 
 
1.200 
 
1.201 
 
Fe2O3 
 
 
0.435 
 
0.932 
 
0.146 
 
0.195 
 TiO2 
 
 
0.032 
 
0.106 
 
0.082 
 
0.165 
    
Predicted is the concentration that the dissolved metal would reach at equilibrium given sufficient 
time 
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Figure A.3. Dissolution curves of ZnO NPs in NOM solutions (a) 2.5 mg 
C/L, (b) 10 mg C/L and 25 mg C/L. The error bars indicate the standard 
deviation of two replicates. 
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Figure A.4. The dissolution of curves of CuO NPs in NOM solutions (a) 
2.5 mg C/L, (b) 10 mg C/L and 25 mg C/L.  The error bars indicate the 
standard deviation of two replicates. 
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Figure A.5. The dissolution of curves of Fe2O3 NPs in NOM solution (a) 
2.5 mg C/L, (b) 10 mg C/L and 25 mg C/L. The error bars indicate the 
standard deviation of two replicates. 
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Table A.2: The equilibrium predicted concentration for the dissolution of metal oxide 
NPs using a two exponential dissolution model in solutions of varying NOM content. 
Metal 
oxide 
NPs 
 
2.5 mg C/L 
 
10 mg C/L 
 
25 mg C/L 
Actual  
data 
Predicted 
data 
Actual  
data 
Predicted 
data 
Actual  
data 
Predicted 
data 
CuO 2.667 6.983 6.204 12.978 11.513 38.438 
ZnO 16.80 23.228 21.092 34.824 27.713 38.438 
Fe2O3 0.248 0.604 0.252 0.674 0.435 0.933 
TiO2 0.0218 0.0230 0.024 0.074 0.023 0.0471 
Actual data means the data obtained by actual measurements at 144 h 
Predicted data means the equilibrium concentration predicted by the model that the 
experiment would have reached given sufficient time. 
 
 
     Table A.2.1: Summary of Nanoparticle Characteristics 
NP 
type 
   
Source 
Primary 
Particle 
size 
% 
Purity 
Refractive 
index 
Mineralogy 
Surface 
area 
(m
2
/g) 
 
CuO 
 
Sigma-
Aldrich 
< 50 nm 99.9 2.60 Tenorite 16.1* 
TiO2 
Degussa 
Corporation 
< 50 nm 99.9 3.0 
Anatase: Rutile 
(70%:30%) 
32.5* 
 
ZnO 
 
Sigma-
Aldrich < 100 nm 99.9 2.0 Zincite 19.5* 
 
-Fe2O3 
 
Sigma-
Aldrich < 50 nm 98 2.71 Maghemite 24.3* 
       
 
*Means the value was experimentally determined. Refractive indices were obtained from 
Palik (1998).  
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     Table A.2.2: FETAX culture medium 
FETAX Composition 
 
Concentration 
(mg/L) 
Concentration 
(Mol/L) 
 
 
NaCl 
625 1.07×10
-2
  
NaHCO3 96 1.14×10
-3
  
KCl 30 4.02×10
-4
  
CaCl2 15 1.43×10
-4
  
 
CaSO4.2H2O 
 
60 
4.30×10
-4
  
MgSO4 
 
75 
6.18×10
-4
  
Source: Prati et al.,(2000)    
 
 
Table A.2.3: Summary of information needed for modeling nanoparticle dissolution 
in Visual Minteq 
NP 
type 
 
Log Ks0 
Name of the 
mineral 
Temperature at which 
surface energy 
estimated (K) 
Surface 
energy 
(J/m
2
) 
Surface 
area 
(m
2
/g) 
 
CuO 
 
8.49 
tenorite 
298 0.84* 16.1
α
 
TiO2 -7.62 
Anatese:Rutiel 
(70%: 30%) 300 2.2# 32.5 
α
  
 
ZnO 
 
11.23 Zincite 
298 0.90* 19.5 
α
  
 
-Fe2O3 
 
6.38 Maghemite 
298 0.77√ 24.3 α  
      
 
Source: *Stumm and Morgan (1996); #Navrotsky, (2003); √the value is for Hematite 
from Cornel and Schwertmann, (2003) and experimentally determined in this study.  
Log Ks0 were obtained from Visual Minteq;  
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Figure A.6. The influence of pH on the dissolution of CuO NPs (a) 0.01 M 
, (b) 0.1 M and (c) 1.0 M ionic strength. The error bars indicate the 
standard deviation of two replicates. 
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Figure A.7. The influence of ionic strength on the dissolution of CuO NPs 
(a) pH 3.95, (b) pH 5.18 and (c) pH 9.40. The error bars indicate the 
standard deviation of two replicates. 
249 
 
0 24 48 72 96 120 144
0.0
0.1
0.2
0.3
0.4
0.5
Fe
2
O
3
  at   Ionic strength  = 0.01 M
 pH3.95
 pH5.18
 pH6.62
 pH9.40
D
is
s
o
lv
e
d
 m
e
ta
l 
(m
g
/L
)
Time (h)
0 24 48 72 96 120 144
0.0
0.1
0.2
0.3
0.4
0.5 Fe
2
O
3
  at   Ionic strength  = 0.1 M
D
is
s
o
lv
e
d
 m
e
ta
l 
(m
g
/L
)
Time (h)
 pH3.95
 pH5.18
 pH6.62
 pH9.40
 
 
(a) 
 
 
0 24 48 72 96 120 144
0.00
0.02
0.04
0.06
0.08
0.10 TiO
2
  at   Ionic strength  = 0.01 M
 pH 3.95
 pH 5.18
 pH 6.62
 pH 9.40
D
is
s
o
lv
e
d
 M
e
ta
l 
(m
g
/L
)
Time (h)
0 24 48 72 96 120 144
0.00
0.02
0.04
0.06
0.08
0.10 TiO
2
  at   Ionic strength  = 0.1 M
D
is
s
o
lv
e
d
 M
e
ta
l 
(m
g
/L
)
Time (h)
 pH 3.95
 pH 5.18
 pH 6.62
 pH 9.40
 
 
(b) 
 
Figure A.8. The influence of pH on the dissolution of metal oxide NPs (a) 
Fe2O3, (b) TiO2 . The error bars indicate the standard deviation of two 
replicates. 
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Figure A.9. The influence of ionic strength on the dissolution of TiO2 NPs 
at different pH values (a) pH 3.95, (b) pH 5.18, (c) pH 6.62 and (d) pH 
9.40. The error bars indicate the standard deviation of two replicates. 
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Figure A.10. The influence of ionic strength on the dissolution of Fe2O3 
NPs at different pH values (a) pH 3.95, (b) pH 5.18, (c) pH 6.62 and (d) 
pH 9.40. The error bars indicate the standard deviation of two replicates. 
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Figure A.11. The dissolution curves for ZnO NPs solutions varying pH 
and ionic strength (a) 0.01 M, (b) 0.1 M and (c) 1.0 M. The error bars 
indicate the standard deviation of two replicates. 
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Figure A.12. The dissolution curves for CuO NPs solutions varying pH 
and ionic strength (a) 0.01 M, (b) 0.1 M and (c) 1.0 M. The error bars 
indicate the standard deviation of two replicates. 
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Figure A.13. The dissolution curves for Fe2O3 NPs solutions varying pH 
and ionic strength (a) 0.01 M and (b) 0.1 M. The error bars indicate the 
standard deviation of two replicates. 
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Table A.3: The Predicted equilibrium concentration for the dissolution of metal oxide 
NPs using a two exponential dissolution model in solutions of varying pH. 
Metal 
oxide 
NPs 
pH 3.95 pH 5.18 pH 6.62 pH 9.40 
Actual 
data 
Predicted 
data 
Actual 
data 
Predicted 
data 
Actual 
data 
Predicted 
data 
Actual 
data 
Predicted 
data 
CuO 129.3 177.0 107.7 177.0 - - 141.1 177.0 
ZnO 156.2 177.0 134.6 177.0 126.9 177.0 - - 
Fe2O3 0.395
6 
0.4915 0.208
7 
0.2968 0.263
0 
0.4000 0.353
0 
0.4920 
TiO2 0.082 0.0912 0.064
1 
0.0954 0.085
0 
0.0925 0.075
0 
0.1110 
The dash means that the there was no data. 
Actual data means the data obtained by actual measurements at 144 h 
Predicted data means the equilibrium concentration predicted by the model that the 
experiment would have reached given sufficient time  
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Figure A.14. The dissolved species distribution for ZnO NPs as modeled by 
Visual Minteq  in 0.01 M ionic strength: (a) ZnO NPs in closed systems, (b) ZnO 
NPs in an open systems (bubbled with CO2), (c) ZnO NPs in 5 mg C/L NOM and 
(d) ZnO NPs in 5 mg C/L NOM plus CO2.  
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Figure A.15. The dissolved species distribution for CuO NPs as modeled by 
Visual Minteq  in 0.01 M ionic strength: (a) CuO NPs in closed systems, (b) CuO 
NPs in an open systems (bubbled with CO2), (c) CuO NPs in 5 mg C/L NOM and 
(d) CuO NPs in 5 mg C/L NOM plus CO2. 
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Figure A.16. The dissolved species distribution for Fe2O3 and TiO2 NPs as 
modeled by Visual Minteq in 0.01 M ionic strength: (a) Fe2O3 NPs in closed 
systems, (b) Fe2O3 NPs in 5 mg C/L NOM plus CO2, (c) TiO2 NPs in open system 
and (d) TiO2 NPs in 5 mg C/L NOM plus CO2.  
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Figure A.17: Fit of experimental data to the two exponential dissolution model for 
the dissolution of metal oxide NPs in DDI water (a) CuO NPs, (b) ZnO NPs, (c) 
Fe2O3 NPs and (d) TiO2 NPs 
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Figure A.18: Fit of experimental data to the two exponential dissolution model for 
the dissolution of metal oxide NPs in 10 mg C/L NOM solution (a) CuO NPs, (b) 
ZnO NPs, (c) Fe2O3 NPs and (d) TiO2 NPs  
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Figure A.19: Fit of experimental data to the two exponential dissolution model for 
the metal oxide NPs in pH 3.95 solution (a) CuO NPs, (b) ZnO NPs, (c) Fe2O3 
NPs and (d) TiO2 NPs  
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 Appendix B 
 Aggregates SEM micrographs and fractal dimensions 
 
 
(a)         (b) 
 
 
©      (d) 
Figure B.1. SEM images of metal oxide NPs in FETAX solution: (a) ZnO at 6h, 
(b) CuO at 6h, (c) ZnO at 24 h and (d) CuO at 24 h. 
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(a)           (b) 
 
 
©         (d) 
Figure B.2. The SEM images of metal oxide NPs in FETAX solution: (a) ZnO at 
48h, (b) CuO at 48h, (c) ZnO at 96 h and (d) CuO at 96 h. 
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(a)       (b) 
 
 
©        (d) 
Figure B.3. The SEM images of metal oxide NPs in FETAX solution: (a) ZnO at 
120 h, (b) CuO at 120 h, (c) ZnO at 144 h and (d) CuO at 144 h  
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Figure B.4. The plot of log relative intensity vs. log q for the estimation of fractal 
dimensions of metal oxide NPs in DDI water: (a) CuO NPs, (b) ZnO NPs, (c) 
TiO2 NPs and (d) Fe2O3 NPs 
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Figure B.5. The plot of log relative intensity vs. log q for the estimation of fractal 
dimensions of metal oxide NPs in FETAX solution: (a) CuO NPs, (b) ZnO NPs, 
(c) TiO2 NPs and (d) Fe2O3 NPs 
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Figure B.6. The plot of log relative intensity vs. log q for the estimation of fractal 
dimensions of metal oxide NPs in 2.5 mg C/L NOM solution: (a) CuO NPs, (b) 
ZnO NPs, (c) TiO2 NPs and (d) Fe2O3 NPs 
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Figure B.7. The plot of log relative intensity vs. log q for the estimation of fractal 
dimensions of metal oxide NPs in 10 mg C/L NOM solution: (a) CuO NPs, (b) 
ZnO NPs, (c) TiO2 NPs and (d) Fe2O3 NPs 
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Figure B.8. The plot of log relative intensity vs. log q for the estimation of fractal 
dimensions of metal oxide NPs in 25 mg C/L NOM solution: (a) CuO NPs, (b) 
ZnO NPs, (c) TiO2 NPs and (d) Fe2O3 NPs  
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Figure B.9. Effects of pH and NOM at 5 mg/L non-sonicated TiO2 NPs 
loading on fractal dimensions.  The error bars indicate the standard 
deviation of three replicates. 
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Table B.1.0: DLS important setting parameters used 
Parameter 
 
Coulter NP4 
Brookhaven 
Instrument 
Corporation 
 
 
Analysis mode 
size size  
Solvent water water  
Temperature 25
0
C 25
0
C  
Diluent refractive index 
1.33289 water 
 
1.33289 water 
 
 
NPs refractive index 
Table A.2.1 Table A.2.1 
 
Test angle 
90 
90  
Repetition mode 
3 
3  
Run time 
5 
5  
Intensity requirement 
5×10
4 ~1×10
6
). Auto 
adjustment 
 
Diluent viscosity 
 
0.9548 
0.9548  
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Table B.1. Effects of NOM on Fractal dimensions of metal oxide NPs at 200 mg/L 
particle loading  
NP  Type pH 2.5 mg C/L    pH 10 mg C/L  pH 25 mg C/L  
CuO 6.22 1.91±0.05 5.84 2.11±0.06 5.67 2.17±0.08 
Fe2O3 5.95 1.83±0.05 5.45 2.05±0.06 5.20 1.94±0.06 
TiO2 5.31 1.87±0.03 5.17 1.95±0.04 4.94 2.10±0.06 
ZnO 7.33 1.90±0.04 7.21 2.00±0.03 7.19 2.06±0.05 
 
 
 
Table B.2. Effects of pH and NOM at 5 mg/L TiO2 particle loading on fractal dimensions 
pH NOM (mg C/L) Df sonicated Df nonsonicated 
4.50 0.5 1.87 ± 0.05 1.82 ± 0.02 
6.50 0.5 1.80 ±0.06 1.75 ± 0.08 
8.50 0.5 1.94 ±0.04 1.96 ± 0.04 
4.50 2.5 1.96 ± 0.04 1.86 ±0.06 
6.50 2.5 1.95 ± 0.07 1.82 ± 0.05 
8.50 2.5 1.97 ± 0.03 1.98 ± 0.04 
4.50 5.0 2.06 ± 0.06 1.97 ± 0.03 
6.50 5.0 1.97 ± 0.03 1.94 ± 0.03 
8.50 5.0 2.10 ± 0.05 1.97 ± 0.05 
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Table B.3. Effects of particle loading and NOM on fractal dimension for nTiO2 
suspension 
pH NP loading (mg/L) NOM (mg C/L)  Df 
5.31 5.0 2.5 1.66 ± 0.04 
4.77 5.0 5.0 1.86 ± 0.04 
4.47 5.0 10.0 1.91 ± 0.06 
4.14 5.0 25.0 1.84 ±0.06 
5.31 20.0 2.5 1.72 ±0.06. 
4.77 20.0 5.0 1.89 ± 0.05 
4.47 20.0 10.0 1.90 ± 0.05 
4.14 20.0 25.0 1.88 ± 0.05 
5.31 100.0 2.5 1.82 ± 0.04 
4.77 100.0 5.0 1.91 ± 0.04 
4.47 100.0 10.0 1.95 ± 0.05 
4.14 100.0 25.0 2.09 ± 0.03 
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Table B.4. Effects of ionic strength, particle loading and fluid stress on fractal dimension 
for TiO2 NPs suspensions   
pH NP load 
(mg/L) 
Medium Quiescent 
Df 
Shaking 
Df 
Tumbling 
Df 
Stirring  
Df 
5.80 5.0 DDI 2.09 ±0.05 1.93 ±0.07 1.99 ±0.03 1.96 ± 
0.04 
5.80 20.0 DDI 2.05 ±0.05 2.03 ±0.07 1.92 ±0.05 1.92 ±0.06 
5.80 100.0 DDI 1.99 ±0.04 1.91 ±0.03 2.18 ±0.07 1.82 ±0.07 
5.80 5.0 0.001 2.01 ±0.05 1.87 ±0.04 1.94 ±0.04 1.87 ±0.03 
5.80 20.0 0.001 1.96 ±0.03 1.96 ±0.03 1.95 ±0.04 1.92 ±0.05 
5.80 100.0 0.001 1.93 ±0.05 2.03 ±0.06 1.97 ±0.02 1.98 ±0.04 
5.40 5.0 0.01 1.69 ±0.02 1.78 ±0.04 1.74 ±0.04 1.81 ±0.05 
5.40 20.0 0.01 1.68 ±0.08 1.89 ±0.05 1.96 ±0.05 1.82 ±0.04 
5.40 100.0 0.01 1.67 ±0.03 1.91 ±0.04 1.82 ±0.03 1.88 ±0.03 
5.34 5.0 0.1 1.54 ±0.05 1.78  ±0.02 1.64 ±0.04 1.76 ±0.04 
5.34 20.0 0.1 1.53 ±0.07 1.87 ±0.03 1.82 ±0.05 1.97 ±0.07 
5.34 100.0 0.1 1.51 ±0.06 1.67 ±0.08 1.82 ±0.03 1.77 ±0.08 
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Appendix C 
Sorption and fractionation data  
Table C.1: Actual sample weights, sample labels and sample preparation format for the 
sorption study 
Sample 
 
 
Sample I.D 
 
TiO2 NPs weight (g) 
Nominal 
concentration 
Initial 
samples 
 
Samples after 120 h 
 
pH 4.50 pH 6.50 pH 8.50 NOM (mg/L) Direct Direct Filter 
 
Centrifuge 
 
 
A1 0.0315 0.0316 0.0332 5 - - √ √ 
A2 ᵡ ᵡ ᵡ 5 √ √ √ √ 
A3 0.0324 0.0318 0.0319 10 - - √ √ 
A4 ᵡ ᵡ ᵡ 10 √ √ √ √ 
 
 
A5 0.0328 0.0315 0.0323 15 - - √ √ 
A6 ᵡ ᵡ ᵡ 15 √ √ √ √ 
A7 3.107 3.955 3.757 20 - - √ √ 
A8 ᵡ ᵡ ᵡ 20 √ √ √ √ 
 
 
A9 0.0330 0.0306 0.0315 30 - - √ √ 
A10 ᵡ ᵡ ᵡ 30 √ √ √ √ 
A11 0.0321 0.0313 0.0314 50 - - √ √ 
A12 ᵡ ᵡ ᵡ 50 √ √ √ √ 
 
 
A13 0.0326 0.0308 0.0315 80 - - √ √ 
A14 ᵡ ᵡ ᵡ 80 √ √ √ √ 
Blank ᵡ ᵡ ᵡ 0.01M 
NaNO3 
√ √ √ √ 
 
ᵡ    this means no weight was used  
—  this means no sample was taken for analysis 
√  this means sample was taken for analysis 
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Table C.2: The measured and the estimated amount of TOC for the NOM sorption study 
at pH 4.50 
 Concentration 
before sorption 
Concentration 
after sorption 
Amount 
sorbed 
Weight of 
TiO2  
mg NPOC/g 
TiO2 
Sample 
No. 
(mg C/L) (mg C/L) (mg C/L) (g) (mg sorbate/g 
sorbent) 
1 1.8405 0.9960 0.8445 0.0315 2.6810 
2 3.7460 1.7420 2.0040 0.0324 6.1852 
3 5.6055 2.9020 2.7035 0.0328 8.2424 
4 7.2410 4.3445 2.8965 0.0319 9.0799 
 5 11.1130 7.6835 3.4295 0.033 10.3924 
6 19.0320 15.1760 3.8560 0.0321 12.0125 
7 30.7608 26.2920 4.4688 0.0326 13.7078 
 
 
 
 
Table C.3: The measured and the estimated amount of TOC for the NOM sorption study 
at pH 6.50 
 Concentration 
before sorption 
Concentration 
after sorption 
Amount 
sorbed 
Weight of 
TiO2  
mg NPOC/g 
TiO2 
Sample 
No. 
(mg C/L) (mg C/L) (mg C/L) (g) (mg sorbate/g 
sorbent) 
1 1.3515 1.0075 0.3440 0.0316 1.0886 
2 2.9613 1.7595 1.2018 0.0318 3.7791 
3 4.3333 3.0090 1.3243 0.0315 4.2040 
4 5.9913 4.3620 1.6293 0.0317 5.1396 
5 8.7443 6.8560 1.8883 0.0306 6.1708 
6 14.3910 12.2295 2.1615 0.0313 6.9058 
7 24.0508 21.2755 2.7753 0.0308 9.0106 
 
 
277 
 
Table C.4: The measured and the estimated amount of TOC for the NOM sorption 
study at pH 8.50  
 Concentration 
before sorption 
Concentration 
after sorption 
Amount 
sorbed 
Weight 
of TiO2  
mg NPOC/g TiO2 
Sample 
No. 
(mg C/L) (mg C/L) (mg C/L) (g) (mg sorbate/g 
sorbent) 
1 1.8413 1.6690 0.1723 0.0332 0.5188 
2 4.0365 3.7750 0.2615 0.0319 0.8197 
3 5.8295 5.4440 0.3855 0.0323 1.1935 
4 7.8620 7.5720 0.3830 0.0314 1.2197 
5 11.6700 11.3150 0.4840 0.0315 1.5365 
6 19.5698 18.9810 0.5887 0.0314 1.8750 
7 31.7810 31.1920 0.5980 0.0315 1.8984 
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Table C.5: Actual sample weights, sample labels and sample preparation format 
for the fractionation study at pH 4.50 
 
 
 
Sample I.D 
   Nominal 
concentration 
Initial 
sample
s 
Samples after 
120 h 
Ionic 
strength 
pH TiO2 
weight (g) 
NOM (mg C/L) Direct Direct Filter 
 
 
 
A1 0.01 4.50 0.0373 7.5 - - 
 
√ 
A01 
 
0.01 
 
4.50 ᵡ 
 
7.5 
 
√ 
 
√ √ 
A2 
 
0.01 
 
4.50 0.0380 
 
10 
 
- 
 
- √ 
A02 
 
0.01 
 
4.50 ᵡ 
 
10 
 
√ 
 
√ √ 
 
 
A3 0.01 4.50 0.0391 15 - - √ 
A03 
 
0.01 
 
4.50 ᵡ 
 
15 
 
√ 
 
√ √ 
B1 
 
0.1 
 
4.50 0.0369 
 
7.5 
 
- 
 
- √ 
B01 
 
0.1 
 
4.50 ᵡ 
 
7.5 
 
√ 
 
√ √ 
 
 
B2 
 
0.1 
 
4.50 0.0380 
 
10 
 
- 
 
- √ 
B02 
 
0.1 
 
4.50 ᵡ 
 
10 
 
√ 
 
√ √ 
B3 
 
0.1 
 
4.50 0.0394 
 
15 
 
- 
 
- √ 
B03 
 
0.1 
 
4.50 ᵡ 
 
15 
 
√ 
 
√ √ 
 
 
C1 
 
0.5 
 
4.50 0.0401 
 
7.5 
 
- 
 
- √ 
C01 
 
0.5 
 
4.50 ᵡ 
 
7.5 
 
√ 
 
√ √ 
C2 
 
0.5 
 
4.50 0.0385 
 
10 
 
- 
 
- √ 
C02 
 
0.5 
 
4.50 ᵡ 
 
10 
 
√ 
 
√ √ 
C3 
 
0.5 
 
4.50 0.0391 
 
15 
 
- 
 
- √ 
C03 
 
0.5 
 
4.50 ᵡ 
 
15 
 
√ 
 
√  
ᵡ    this means no weight was used  
— this means no sample was taken for analysis 
√  this means sample was taken for analysis 
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Table C.6: Actual sample weights, sample labels and sample preparation format for the 
fractionation study at pH 6.50 
 
 
 
Sample 
I.D 
   Nominal 
concentration 
Initial 
samples 
Samples after 
120 h 
Ionic 
strength 
pH TiO2 
weight (g) 
NOM (mg C/L) Direct Direct Filter 
 
 
 
A1 0.01 6.50 0.0386 7.5 - - √ 
 
A01 
 
0.01 
 
6.50 ᵡ 
 
7.5 
 
√ 
 
√ √ 
A2 
 
0.01 
 
6.50 0.0406 
 
10 
 
- 
 
- √ 
A02 
 
0.01 
 
6.50 ᵡ 
 
10 
 
√ 
 
√ √ 
 
 
A3 0.01 6.50 0.0395 15 - - √ 
A03 
 
0.01 
 
6.50 ᵡ 
 
15 
 
√ 
 
√ √ 
B1 
 
0.1 
 
6.50 0.0389 
 
7.5 
 
- 
 
- √ 
B01 
 
0.1 
 
6.50 ᵡ 
 
7.5 
 
√ 
 
√ √ 
 
 
B2 
 
0.1 
 
6.50 0.0398 
 
10 
 
- 
 
- √ 
B02 
 
0.1 
 
6.50 ᵡ 
 
10 
 
√ 
 
√ √ 
B3 
 
0.1 
 
6.50 0.0401 
 
15 
 
- 
 
- √ 
B03 
 
0.1 
 
6.50 ᵡ 
 
15 
 
√ 
 
√ √ 
 
 
C1 
 
0.5 
 
6.50 0.0405 
 
7.5 
 
- 
 
- √ 
C01 
 
0.5 
 
6.50 ᵡ 
 
7.5 
 
√ 
 
√ √ 
C2 
 
0.5 
 
6.50 0.0395 
 
10 
 
- 
 
- √ 
C02 
 
0.5 
 
6.50 ᵡ 
  
10 
 
√ 
 
√ √ 
C3 
 
0.5 
 
6.50 0.0398 
 
15 
 
- 
 
- √  
C03 
 
0.5 
 
6.50 ᵡ 
 
15 
 
√ 
 
√ √ 
ᵡ    this means no weight was used  
—  this means no sample was taken for analysis 
√  this means sample was taken for analysis 
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Table C.7: Actual sample weights, sample labels and sample preparation format for 
the fractionation study at pH 8.50 
 
 
 
Sample I.D 
   Nominal 
concentration 
Initial 
samples 
Samples after 
120 h 
Ionic 
strength 
pH TiO2 
weight (g) 
NOM (mg 
C/L) 
Direct Direct Filter 
 
 
 
A1 0.01 8.50 0.0401 7.5 - - √ 
 
A01 
 
0.01 
 
8.50 ᵡ 
 
7.5 
 
√ 
 
√ √ 
A2 
 
0.01 
 
8.50 0.0389 
 
10 
 
- 
 
- √ 
A02 
 
0.01 
 
8.50 ᵡ 
 
10 
 
√ 
 
√ √ 
 
 
A3 0.01 8.50 0.0397 15 - - √ 
A03 
 
0.01 
 
8.50 ᵡ 
 
15 
 
√ 
 
√ √ 
B1 
 
0.1 
 
8.50 0.0409 
 
7.5 
 
- 
 
- √ 
B01 
 
0.1 
 
8.50 ᵡ 
 
7.5 
 
√ 
 
√ √ 
 
 
B2 
 
0.1 
 
8.50 0.0399 
 
10 
 
- 
 
- √ 
B02 
 
0.1 
 
8.50 ᵡ 
 
10 
 
√ 
 
√ √ 
B3 
 
0.1 
 
8.50 0.0394 
 
15 
 
- 
 
- √ 
B03 
 
0.1 
 
8.50 ᵡ 
 
15 
 
√ 
 
√ √ 
 
 
C1 
 
0.5 
 
8.50 0.0400 
 
7.5 
 
- 
 
- √ 
C01 
 
0.5 
 
8.50 ᵡ 
 
7.5 
 
√ 
 
√ √ 
C2 
 
0.5 
 
8.50 0.0389 
 
10 
 
- 
 
- √ 
C02 
 
0.5 
 
8.50 ᵡ 
  
10 
 
√ 
 
√ √ 
C3 
 
0.5 
 
8.50 0.0401 
 
15 
 
- 
 
- √  
C03 
 
0.5 
 
8.50 ᵡ 
 
15 
 
√ 
 
√ √ 
ᵡ    this means no weight was used  
—  this means no sample was taken for analysis 
√  this means sample was taken for analysis 
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Figure C.1: Selected HPSEC chromatograms: (a) pH 4.50, (b) pH 
6.50 and (c) pH 8.50 
 
 
282 
 
Table C.8: Molecular weight (Daltons), Polydispersity index and SUVA at 280nm   
(mg
-1
 m
-1
for NOM before and after sorption at pH 4.5 
Sample 
name 
Initial 
MWw 
Initial 
MWn 
PI Initial 
SUVA280 
Final  
MWw 
Final 
MWn 
   PI Final 
SUVA280 
A1 2226 926 2.40 4.22 1506 499 3.01 3.84 
A2 2225 952 2.84 4.23 1317 564 2.27 3.92 
A3 2185 959 2.28 4.02 1371 680 2.02 3.39 
B1 2222 835 2.88 3.98 1164 464 2.52 2.83 
B2 2086 880 2.42 3.89 1125 521 2.16 2.98 
B3 2156 909 2.37 3.77 1135 611 2.02 2.62 
C1 2061 704 2.93 3.71 1338 334 3.66 2.76 
C2 2047 709 2.89 3.36 1153 398 2.90 2.73 
C3 2113 763 2.77 3.58 1155 478 2.41 2.66 
SUVA280 is specific ultraviolet absorption at 280 nm 
   MWw is weight average molecular weight 
   MWn is the number average molecular weight 
  PI is the polydispersity index 
  The letters and numbers represent ionic strength and NOM concentration 
    respectively (i.e. A = 0.01, B = 0.1, C = 0.5 and 1 = 7.5 , 2 = 10, 3 = 15 mg C/L) 
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Table C.9: Molecular weight (Daltons), Polydispersity index and SUVA at 280nm 
(mg
-1
    m
-1
for NOM before and after sorption at pH 6.5 
Sample 
name 
Initial 
MWw 
Initial 
MWn 
PI Initial 
SUVA280 
Final  
MWw 
Final 
MWn 
   PI Final 
SUVA280 
A1 2180 918 2.38 4.31 1476 651 2.27 3.62 
A2 2115 919 2.30 3.91 1376 680 2.02 3.32 
A3 2133 943 2.27 3.84 1589 773 2.05 3.30 
B1 2137 852 2.51 4.05 1262 569 2.22 3.31 
B2 2136 882 2.42 3.80 1265 616 2.05 3.35 
B3 2140 894 2.39 3.60 1325 666 1.99 3.11 
C1 2140 660 3.24 3.74 1280 414 2.67 3.06 
C2 2103 704 2.99 3.65 1191 446 2.67 3.14 
C3 2108 728 2.90 3.68 1308 539 2.42 2.12 
SUVA280 is specific ultraviolet absorption at 280 nm 
  MWw is weight average molecular weight 
  MWn is the number average molecular weight  
   PI is the polydispersity index 
  The letters and numbers represent ionic strength and NOM concentration 
    respectively (i.e. A = 0.01, B = 0.1, C = 0.5 and 1 = 7.5, 2 = 10, 3 = 15 mg C/L) 
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  Table C.10: Molecular weight (Daltons), Polydispersity index and SUVA at 280nm 
(mg
-1
 m
-1
for NOM before and after sorption at pH 8.5    
Sample 
name 
Initial 
MWw 
Initial 
MWn 
PI Initial 
SUVA280 
Final  
MWw 
Final 
MWn 
   PI Final 
SUVA280 
A1 2199 1012 2.17 4.11 1874 911 2.06 3.66 
A2 2176 1071 2.03 4.07 1774 975 1.82 3.76 
A3 2167 1104 1.96 3.76 1877 1022 1.84 3.55 
B1 2106 967 2.18 4.07 1516 829 1.83 3.23 
B2 2139 1013 2.11 3.78 1587 884 1.80 3.29 
B3 2171 1055 2.06 3.78 1706 958 1.78 3.24 
C1 2165 846 2.56 4.06 1606 621 2.58 3.46 
C3 2050 737 2.78 3.83 1566 719 2.18 3.20 
         
 SUVA280 is specific ultraviolet absorption at 280 nm 
  MWw is weight average molecular weight 
  MWn is the number average molecular weight  
  PI is the polydispersity index 
  The letters and numbers represent ionic strength and NOM concentration 
   respectively (i.e. A = 0.01, B = 0.1, C = 0.5 and 1 = 7.5, 2 = 10, 3 = 15 mg C/L) 
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(b) 
 
Figure C.2: EEMS for fluorescent intensity before (a) and after (b) NOM 
sorption to TiO2 NPs for 0.1M ionic strength, 10 mg C/L and pH 4.5  
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Figure C.3: EEMS for fluorescent intensity before (a) and after (b) NOM 
sorption to TiO2 NPs for 0.1M ionic strength, 10 mg C/L and pH 6.5  
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Figure C.4: EEMS for fluorescent intensity before (a) and after (b) NOM 
sorption to TiO2 NPs for 0.1M ionic strength, 10 mg C/L and pH 8.5  
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Figure C.5: EEMS for fluorescent intensity before (a) and after (b) NOM 
sorption to TiO2 NPs for 0.5M ionic strength, 10 mg C/L and pH 4.5 
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Figure C.6: EEMS for fluorescent intensity before (a) and after (b) NOM sorption 
to TiO2 NPs for 0.5M ionic strength, 10 mg C/L and pH 6.5 
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Appendix D 
Toxicity data 
Control 1 mg/L 2 mg/L 5 mg/L 10 mg/L
0
20
40
60
80
100
P
e
rc
e
n
t 
m
o
rt
a
li
ty
Concentrations of ZnO NPs
 
Control 1 mg/L 2 mg/L 5 mg/L 10 mg/L
0
20
40
60
80
100
P
e
rc
e
n
t 
m
o
rt
a
li
ty
Concentrations of CuO NPs
 
 
(a)     (b) 
 
Control 1 mg/L 2 mg/L 5 mg/L 10 mg/L
0
20
40
60
80
100
P
e
rc
e
n
t 
m
o
rt
a
li
ty
Concentrations of ZnO NPs
Control 1 mg/L 2 mg/L 5 mg/L 10 mg/L
0
20
40
60
80
100
P
e
rc
e
n
t 
m
o
rt
a
li
ty
Concentrations of CuO NPs
 
 
©     (d) 
 
Figure D.1: The concentration - percent mortality response for D.magna for metal oxide 
NPs suspensions made from DDI water stock for the SW medium: (a) ZnO NPs, (b) CuO 
NPs, (c) ZnO NPs with 0.5mg C/L and (d) CuO NPs with 0.5mg C/L. The error bars 
indicate the standard deviation of three replicates. 
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Figure D.2: The concentration - percent mortality response for D.magna for metal oxide 
NPs suspensions made from DDI water stock for the MHW medium: (a) ZnO NPs, (b) 
CuO NPs, (c) ZnO NPs with 0.5mg C/L and (d) CuO NPs with 0.5mg C/L. The error bars 
indicate the standard deviation of three replicates. 
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(b) 
Figure D.3: The concentration - percent mortality response for D.magna for metal oxide 
NPs suspensions made from DDI water stock for the FETAX solution medium: (a) ZnO 
NPs and (b) CuO NPs. The error bars indicate the standard deviation of three replicates. 
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Figure D.4: The concentration - percent mortality response for D.magna for metal oxide 
NPs suspensions made from stock for each medium: (a) ZnO NPs from SW stock, (b) 
CuO NPs from SW stock, (c) ZnO NPs from MHW stock and (d) CuO NPs from MHW 
stock. The error bars indicate the standard deviation of three replicates. 
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Figure D.5: The concentration-response relationship for (a) ZnO NPs for different media 
when the stock suspensions were prepared in each medium (b) ZnO NPs with 0.5 mg C/L 
NOM obtained by using probit transformed data. The first figures in brackets are the 
intercepts and the last ones are the slopes  
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Figure D6: The concentration-response relationship for (a) CuO NPs for different media 
when the stock suspensions were prepared in each medium (b) CuO NPs with 0.5 mg C/L 
NOM obtained by using probit transformed data. The first figures in brackets are the 
intercepts and the last ones are the slopes 
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Table D.1:  Metal ions in suspension and dissolved for ZnO and CuO NPs used  
For the acute toxicity tests for the suspensions made from MHW stock 
Nominal 
Concentration. 
(mg/L) 
Initial 
concentration 
Final 
concentration 
Final concentration 
Metal ions in 
suspensions 
Metal ions in 
suspensions 
Dissolved metal 
ions in suspensions 
ZnO 
 
1.0 0.677 0.584 0.422 
2.0 1.532 0.826 0.710 
5.0 3.12 0.988 0.854 
10.0 6.089 2.371 0.873 
 
CuO 
1.0 0.586 0.123 0.004 
2.0 1.325 0.287 0.006 
5.0 3.212 0.466 0.009 
10.0 6.912 0.653 0.011 
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(b) 
Figure D.7: Cellular level response of D.magna to TiO2 NPs: (a) GST activity response 
and (b) TBARs activity response. The error bars indicate the standard deviation of three 
replicates. 
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Appendix E 
Quality control samples and recoveries 
Table E.1. Recoveries of spiked metal ions from sample blanks in DDI water  
NP  
Type 
Spiked metal Analysis  
Technique 
Percent 
Recovery 
CuO Cu AAS 97 ± 3 
Fe2O3 Fe ICP-MS 96 ±6 
TiO2 Ti ICP-MS 95 ± 4 
ZnO Zn AAS 106 ± 8 
Two replicates for each spiked metal were used.  Two replicates for each  
spiked metal were used. The uncertainty (±) is the standard deviation of  
two replicates.  
 
 
 
 
 
Table E.2. Recoveries of spiked metal ions from sample blanks in FETAX solution  
NP  
Type 
Spiked metal Analysis  
Technique 
Percent 
Recovery 
CuO Cu ICP-MS 98 ± 4 
Fe2O3 Fe ICP-MS 97 ± 8 
TiO2 Ti ICP-MS 94 ± 6 
ZnO Zn ICP-OES 101 ± 8 
Two replicates for each spiked metal were used.  Two replicates for each 
spiked metal were used. The uncertainty (±) is the standard deviation of 
 two replicates.  
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Table E.3. Recoveries of spiked metal from sample blanks in NOM solution  
NP  
Type 
Spiked metal Analysis  
Technique 
Percent 
Recovery 
CuO Cu AAS 94 ± 3 
Fe2O3 Fe ICP-MS 95 ± 4 
TiO2 Ti ICP-MS 91 ± 8 
ZnO Zn AAS 104 ± 5 
Two replicates for each spiked metal for each NOM concentration were used. 
 Two replicates for each spiked metal were used. The uncertainty (±) is the  
standard deviation of two replicates.  
 
 
 
 
 
 
Table E.4. Recoveries of spiked metal from sample blanks in pH 3.95 solution  
NP  
Type 
Spiked metal Analysis  
Technique 
Percent 
Recovery 
CuO Cu AAS 100 ± 4 
Fe2O3 Fe ICP-OES 98 ± 3 
TiO2 Ti ICP-MS 90 ± 4 
ZnO Zn AAS 104 ± 8 
Two replicates for each spiked metal were used.  Two replicates for each  
spiked metal were used. The uncertainty (±) is the standard deviation of 
 two replicates.  
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Table E.5. Recoveries of spiked metal from sample blanks in pH 5.18 solution  
NP  
Type 
Spiked metal Analysis  
Technique 
Percent 
Recovery 
CuO Cu AAS 99 ± 3 
Fe2O3 Fe ICP-OES 93 ± 3 
TiO2 Ti ICP-MS 94 ± 6 
ZnO Zn AAS 102 ± 5 
Two replicates for each spiked metal were used.  Two replicates for each 
 spiked metal were used. The uncertainty (±) is the standard deviation of 
 two replicates.  
 
 
 
 
Table E.6. Recoveries of spiked metal from sample blanks in pH 6.62 solution  
NP  
Type 
Spiked metal Analysis  
Technique 
Percent 
Recovery 
CuO Cu ICP-MS 97 ± 7 
Fe2O3 Fe ICP-OES 99 ± 6 
TiO2 Ti ICP-MS 98 ± 6 
ZnO Zn AAS 101 ± 4 
Two replicates for each spiked metal were used.  Two replicates for each  
spiked metal were used. The uncertainty (±) is the standard deviation of 
two replicates.  
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Table E.7. Recoveries of spiked metal from sample blanks in pH 9.40 solution  
NP  
Type 
Spiked metal Analysis  
Technique 
Percent 
Recovery 
CuO Cu AAS 99 ± 3 
Fe2O3 Fe ICP-OES 89 ± 5 
TiO2 Ti ICP-MS 89 ± 3 
ZnO Zn ICP-OES 100 ± 3 
Two replicates for each spiked metal were used. The uncertainty (±) is the standard 
deviation of two replicates.  
 
 
 
Table E.8. Filter separation Comparison between 50 nm polycarbonate membrane  
and 200 nm polytetrafluoroethylene filters using dissolved Fe2O3 NPs in DDI water 
Replicate no. 50 nm PCM 200 nm PTFE 
1 164.10 178.4 
2 189.30 200.30 
3 193.7 204.0 
4 202.10 213.10 
Mean 187.30 198.95 
Standard Deviation  16.352 14.718 
Two sample t test from Origin Pro 8.6 software was used. There was no  
significance difference detected in this test. 
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Table E.9. Filter separation comparison between 50 nm polycarbonate membranes  
and 200 nm polytetrafluoroethylene filters using dissolved Fe2O3 NPs in FETAX  
Replicate no. 50 nm PCM 200 nm PTFE 
1 132.90 150.8 
2 161.3 167.10 
3 168.70 173.70 
4 183.4 188.20 
Mean 161.58 169.97 
Standard Deviation  21.208 15.513 
Two sample t test from Origin Pro 8.6 software was used. There was no significance 
difference detected in this test. 
 
 
 
 
